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ABSTRACT 
Antibody engineering for drug therapy has become a major industry in recent years, with 
much work focussed on the development of recombinant antibody fragments in therapeutic 
and diagnostic applications. An important consideration when engineering antibodies, 
especially rapidly clearing fragments is its pharmacokinetic properties. Several strategies 
have been adopted to increase blood half-life and bioavailability, which include chemical 
conjugation and recombinant modulation. The most successful to date, is the chemical 
conjugation of poly(ethylene glycol) polymers, known as PEGylation. However, due to its 
non-biodegradable nature, the limitations associated with PEG polymers have prompted the 
development of natural alternatives. Polysialic acid (PSA) has been shown to be a favourable 
alternative to PEG with recent studies showing that recombinant polysialylation using human 
neural cell adhesion molecule (NCAM) domain carriers can significantly improve 
pharmacokinetics. This study looks at targeting a well-suited application to inhibit or 
antagonize blood-borne factors, such as Interluekin-6, by focussing on applying the 
recombinant polysialylation technology to anti-IL-6 single chain variable fragments (scFv) to 
exemplify the therapeutic benefits of blocking this cytokine expressed in many cancers. Here, 
a range of novel NCAM fusion proteins are presented which aim to refine the technological 
approach and demonstrate the relation of structural and functional properties. The findings 
support the requirement for proper spacing between the NCAM domains to allow 
polysialylation to occur and show when in space and sequence their application to a range of 
scFv fragments improve serum half-life by up to 7- fold. By targeting a soluble factor, the 
antibody derivative shows a blood exposure rate equal to that of a membrane bound target, 
illustrating the recombinant polysiaylation technique can be applied to a range of targets. 
Anti-IL-6 effects in vitro have also been shown in this study, suggesting potential for 
inhibiting pro-inflammatory cytokines in a therapeutic application.   
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1.1 Cancer 
In the last decade, cancer has been identified as one of the leading causes of death and 
accounting for 13% of all deaths worldwide, it remains at the forefront of challenges for the 
21
st
 century (WHO, 2008). Prostate cancer remains one of the most common cancers 
diagnosed in men in developed countries and the second leading cause of cancer-related 
deaths in this group (Damber and Aus, 2008). Prostate cancer is a heterogeneous disease and 
exhibits great variability in protein markers of metastatic lesions from the same patient (Culig 
et al., 2005). Unlike most solid tumours, it can also cause death without causing massive 
destruction to vital organs. In 1995, Twillie et al (Twillie et al., 1995) hypothesized this could 
be due to an influx of inflammatory proteins in the systemic circulation, thus highlighting the 
importance of cytokines as mediators of cancer morbidity. 
Cytokines, initially discovered as secreted proteins for controlling immune functions, have 
gained considerable interest in the last decade and extensive research has revealed a crucial 
role in regulating cellular events in cancer progression (Culig and Puhr, 2012). This study 
focuses on the roles of a particular cytokine in the progression of prostate cancer to better 
understand targeting modules.  
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1.1.1  Interleukin-6 and its role in cancer 
Extensive investigations on the roles of cytokines in disease has revealed up to 20% of all 
cancers arise in association with chronic inflammation and those which do not, display large 
quantities of inflammatory infiltrates with high levels of cytokine expression in solid tumours 
(Grivennikov and Karin, 2011). Of those pro-tumourogenic cytokines identified, Interleukin-
6 is perhaps one of the best characterized, affliated not only with inflammatory diseases but 
also implicated in the progression of tumours of various organs, particularly prostate and 
renal, myeloma and melanoma (Culig et al., 2005).   
IL-6 is a pleiotropic cytokine of 21-28 kDa protein belonging to the large four α-helical 
cytokine family (Krebs et al., 1998) that also includes leukemia inhibitory factor, IL-11, 
ciliary neurotrophic factor and oncostatin M (Smith 2001). It is a complex, multifunctional 
cytokine (Figure 1.1) involved in the regulation of a multitude of cellular events such as 
proliferation, apoptosis, angiogenesis and differentiation (Culig et al., 2005). It also serves a 
key role in modulating immune responses through immune cell differentiation. 
Predominantly, it is thought to mediate hematopoietic cell growth and differentiation of B-
cells, T-cells, neuronal cells, endothelial cells and tumour cells (Corcoran and Costello, 2003; 
Krebs et al., 1998). Under normal homeostatic conditions, IL-6 levels are very low, almost 
undetectable of less than 10pg/ml (Waetzig and Rose-John, 2012). However, it is over-
expressed in these cell lines in response to various stimuli such as viral infection or in 
response to other cytokines such as IL-1, NFκB, TNFα, thereby promoting inflammation and 
immune escape, thus encouraging tumour progression (Ara and Declerck, 2010; Corcoran 
and Costello, 2003).   
 
21 
 
 
Figure 1.1: An overview of the multifunctional IL-6 cytokine. It is primarily involved in regulating 
immune and inflammatory response, but also plays a pivotal role in tumour progression. Many 
physiological functions are attributed to IL-6 including antibody production from B-cells, modulating 
hepatic acute phase responses and promoting osteoclastic-mediated bone resorption, along with 
many more functions, highlighted above.  
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IL-6 mediates its activity through a receptor complex, composed of an 80 kDa 
transmembrane receptor which specifically binds to IL-6 and a 130 kDa membrane 
glycoprotein (gp130) that upon binding, mediates signaling (Smith 2001). IL-6 interacts with 
a heterotrimeric membrance associated receptor, which is composed of an α-subunit (IL-6Rα/ 
gp80) and 2β subunits (gp130) which homodimerise upon interaction of soluble IL-6 with IL-
6Rα (Ara 2010). The formation of this complex activates associated tyrosine kinases which 
subsequently, phosphorylates gp130 and initiates intracellular signal transduction. There are 
three main pathways activated by IL-6 signalling; 1) activation of transcription factor STAT-
3 through JAK kinase phosphorylation, 2) Ras activation to promote translocation to the 
plasma membrane to activate Raf, MEK and ERK1/2 and a third pathway of PKB/Akt 
activation through JAK phosphorylation of PI3K (Figure 1.2). Of the three pathways, STAT-
3 activation plays a pivotal role in cancer progression as the upregulation of a number of 
genes in a multitude of target cells have pro-tumourogenic effects (Ara and Declerck, 2010). 
The oncogenic roles of STAT-3 in tumorogenisis have been highlighted in numerous tumour 
models including prostate (Rojas et al., 2011), colon, ovarian and many more (Guo et al., 
2012).   
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Figure 1.2: Schematic showing IL-6 mediated signalling. Soluble IL-6 binds to its IL-6Rα subunit, 
which triggers the homodimerisation of gp130 subunit. This leads to the recruitment and activation 
of non-receptor tyrosine kinases which activate three dinstinct pathways: STAT-3, Erk1/2 and 
PKB/Akt, which results in the expression of a number of genes, such as survival proteins, eg. Survivin, 
X-linked inhibitor of apoptosis (XIAP) Bcl-2, Bcl-XL and McI-1. Proteins involved in cell proliferation  
include, cyclins and p53 and p21. Pro-angiogenic factors are also targeted by upregulating the 
expression of vascular endothelial growth factor (VEGF), hypoxia-inducible factor (HIF1α), basic 
fibroblast growth factor (bFGF) and metalloproteinases. Additional genes which cause bone 
resorption and regulate immune responses are also targeted. The expression of these genes also has 
many pro-tumourigenic effects. Figure cited  from Ara and Declerck, 2010. 
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1.1.2  Inflammation in cancer 
Inflammation is an important modulator of tumour initiation and progression. Inflammatory 
conditions can initiate oncogenic transformation, genetic and epigenetic changes in malignant 
cells and create an inflammatory microenvironment that supports tumour progression. The 
presence of inflammatory mediators, such as cytokines and chemokines mark the presence of 
cancer associated inflammation. The activation of the oncogenic transcription factor, STAT-3 
by these inflammatory factors plays a crucial role in inducing and maintaining a pro-
carcinogenic inflammatory microenvironment (Yu et al., 2009). STAT3 is initiated by both 
extrinsic (environmental) and intrinsic (oncogenic) pathways and because of its dual role in 
inducing a large array of genes vital for inflammation and immune responses and its 
oncogenic properties in malignant cells, it plays a key role in cancer associated inflammation 
(Yu et al., 2009) (Figure 1.3) 
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Figure 1.3: An overview of how STAT3 connects inflammation and cancer, by intrinsic (oncogenic) 
and extrinsic (environmental) pathways. The intrinsic pathway is activated by genetic alterations in 
transformed cells which can cause overexpression or persistant activation of growth factor or 
cytokine receptors. These receptors either have intrinsic tyrosine kinase activity or are associated 
with JAK kinases which when phosphorylated activate STAT3. These receptors can also be activated 
by the extrinsic pathway, which include UV, carcinogens, infection, stress and cigarette smoke. Aside 
from upregulating genes associated with proliferation, survival, invasion and metastasis, STAT3 also 
induces the expression of many chemokines and cytokines, such as IL-6, which are associated with 
cancer-promoting inflammation. The receptors of many of these cytokines and chemokines further 
activate STAT3, forming autocrine and paracrine feed-forward loops with promote cancer 
inflammation. Figure cited from Yu et al., 2009. 
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STAT-3 is important in regulating the expression of IL-6 and since an increased production 
of IL-6 has been implicated in various disesases such as Alzheimer’s disease, Rheumatoid 
arthritis, Castleman’s disease, solid tumours such as prostate and cervical carcinomas and 
probably the most commonly known in myelomas (Trikha et al., 2003), it is not surprising to 
find that elevated serum IL-6 levels serve as diagnostic and prognostic markers for such 
diseases (Knupfer and Preiss, 2010; Lukaszewicz et al., 2007). In multiple myeloma, IL-6 
serum levels strongly correlate with disease parameters such as bone marrow plasmacytosis 
among many others (Lauta, 2001) and support a strong relationship between survival and IL-
6 serum levels, thus providing further evidence for its significance as a prognostic marker. In 
prostate cancer, the leading diagnostic marker is prostate-specific antigen (Psa). It is a serine 
protease, which is released into the blood by prostate cancer cells by up to 10
5
 fold. Psa was 
first approved as a diagnostic marker in 1994 and since has been widely used for early 
diagnosis and prediction of cancer stages as well as monitoring the response of treatment and 
disease recurrence (Lilja et al., 2008). Its decline upon treatment is highly prognostic and is a 
quick and easy evaluation within a few months of treatment (Ramiah et al., 2008). However, 
with increasing Psa screening, over detection and treatment has also been strongly implicated 
due to limited sensitivity and specificity (Steuber et al., 2008). It has been reported in recent 
years that whilst the statistics of diagnosis have increased with increasing Psa screening, the 
mortality rate has remained the same. Furthermore, Psa levels are influenced by age, race, 
ethnicity and heredity and therefore, cannot be generalized to all patients. For example, the 
current threshold value for serum Psa is 4 ng/ml. Exceeding this value, patients are typically 
recommended for prostate biopsy. However, numerous studies have reported patients with 
lower values having prostate cancer, but are seldom verified with biopsies (Lilja et al., 2008). 
In respect to disease recurrence post treatment, Psa has been found to be a more sensitive 
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indicator after radical prostatectomy than after radiation therapy and whilst it has generally 
been found to be reliable, it can cause clinical mis-diagnosis.  
The controversy surrounding Psa screening has led into investigations for novel biomarkers 
to complement Psa. An example of another serum protease that shares 80% amino acid 
sequence identity with Psa is human kallikrein 2 (hK2 or KLK2). Its expression is 
predominantly restricted to the prostate and some studies have shown tissue expression of 
hK2 is higher in cancerous prostate than benign prostate, whereas the same cells show less 
frequent expression of Psa (Steuber et al., 2008). The potential of transforming growth factor 
β1 (TGF- β1) in tumour progression has also been demonstrated in prostate cancer models. 
Some studies have shown increased expression of TGF- β1, known to regulate several cellular 
activities such as proliferation, angiogenesis and differentiation, correlates with grade and 
stage of tumour progression in patients with prostate cancer (Steuber et al., 2008). The 
expression of IL-6 and its receptor (sIL-6R) have also been reported in human prostate cancer 
cells and elevated circulating levels have been found to be associated with aggressive 
tumours (Tan et al., 2005). Clinical studies have shown that elevated serum IL-6 levels 
correlate with tumour stage and survival of patients (Lukaszewicz et al., 2007). This is 
particularly significant for the clinical diagnosis of metastatic prostate cancer. Adler et al., 
1999 reported on elevated IL-6 serum levels in patients with metastatic prostate cancer, 
which correlated with tumour burden as assessed with serum Psa or clinically evident 
metastases. A number of studies have also shown increased IL-6 levels to be significantly 
associated with prostate cancer morbidity and lower survival (Corcoran and Costello, 2003) 
as well as a candidate marker for prospective clinical testing (Twillie et al., 1995). 
Furthermore, IL-6 has been suggested to have both growth promoting and inhibitory 
activities in prostate cancer, demonstrated by androgen dependent LnCAP cell line in-  vitro 
and in-  vivo (Giri et al., 2001; Lee et al., 2003). Chung et al reported on a paracrine growth 
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inhibitory behavior of IL-6 in LnCaP cells, but an autocrine growth promoting factor in 
androgen independent PC3 and DU145 cells (Chung et al., 1999; Okamoto et al., 1997), 
which may be due to the increased expression of soluble IL-6 receptors in metastatic tissues. 
Furthermore, Chung et al, 1999, speculated that IL-6 undergoes a transition from paracrine 
growth inhibitor to autocrine growth stimulator during prostate cancer progression to the 
hormone refractory phenotype, which are likely to be due to alterations in IL-6 receptor 
mediated signaling. There is much controversy surrounding IL-6 in androgen dependent 
prostate cancer as some studies have shown in the presence of androgen, IL-6 behaves as an 
autocrine growth factor in LnCaP cells (Giri et al., 2001; Okamoto et al., 1997) and induces 
the transition of prostate cancer from an androgen-dependent to an androgen independent 
phenotype which is accompanied by significant activation of both STAT3 and MAPK 
signaling pathways (Lee et al,. 2003). Further studies have shown inhibition of PI3-K in the 
JAK/STAT3 pathway causes oncogenic processes, allowing anti-apoptotic functions to allow 
tumour progression in prostate cell lines (Chung et al., 2000). Enhanced Akt activity has also 
been reported in prostate tumours and in particular, has shown the upregulation of IL-6 
induced survival gene, Mcl-1 in LnCAPs (Krajewski et al., 1996), thus showing reduced 
sensitivity to apoptosis. The diverse roles of IL-6 provide strong evidence for its roles in 
prostate cancer progression in the clinical arena; however, this also proves quite a challenge 
for IL-6 therapeutics.  
1.1.3 Therapeutic approaches for targeting IL-6  
The involvement of cytokines in the progression of cancers has prompted the development of 
anti-cytokine therapeutics, whereby different strategies have been investigated to neutralize 
cytokine overexpression in patients. Clearly, the most successful clinical and commercial 
example of blocking cytokines so far is the anti-TNFα receptors developed to neutralize 
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TNFα in various inflammatory diseases (Faustman and Davis, 2010) and provides a platform 
for other targets. There are five approved anti-TNFα  products including the most widely 
used Infliximab, certolixumab pegol, Adalimumab approved for treating inflammatory 
diseases such as Rheumatoid arthritis and Crohn’s disease, as well Golimumab and 
Etanercept, approved for autoimmune diseases (Chames et al., 2009; Li and Zhu, 2010). The 
diverse role of TNFα in inflammation and autoimmunity make it an attractive target for 
therapeutics and the success seen with α-TNF antibodies has encouraged development of 
many more products to potentially overcome some of the limitations observed with earlier 
therapeutics. Inflixumab, for example, was the first mAb used in the treatment of Crohn’s 
disease (Present et al., 1999), but being a chimeric IgG1 antibody, was shown to mediate 
complement-dependent cytotoxicity (CDC).  Later development of certolizumab, lacking the 
Fc- portion prevented binding to the Fc receptor of natural killer cells and thus, did not 
exhibit complement-dependent (CDC) or antibody-dependent cell mediated cytotoxicity 
(ADCC) (Ordas et al., 2012). Similarly, the identification of IL-6’s contribution to 
inflammation and cancer metastasis has led to the development of various strategies to block 
and neutralise over expressed IL-6. Several therapeutic agents have been designed to inhibit 
IL-6, with a few advancing to clinical trials. A potent humanized monoclonal antibody 
developed by Centocor (now part of Johnson & Johnson), known as CNTO-328 has been 
reported of showing good IL-6 binding activity in myeloma models (Voorhees et al., 2009; 
Zaki et al., 2004), whilst Wallner et al provided promising evidence of its inhibition in a 
prostate cell model (Wallner et al., 2006). Other humanized IL-6 monoclonal antibodies, such 
as Tocilizumab, have also been successful in improving conditions for patients suffering from 
Rheumatoid Arthritis and Castleman’s disease by blocking the IL-6 receptor (Emery et al., 
2008). The administration of neutralizing IL-6 monoclonal antibodies has shown much 
success, however, this approach has also shown the build-up of cytokines in the plasma, 
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thereby reverting any inhibitory effects and causing general immunosuppression (Waetzig 
and Rose-John, 2012). This soon led to the development of anti-IL-6/ IL6-R scFvs, exhibiting 
high binding affinities and potent neutralizing effects (Gejima et al., 2002; Yoshio-Hoshino et 
al., 2007) with reduced inflammatory effects due to a lack of the Fc portion. Until recently, 
IL-6 therapy has focused on blocking the IL-6 receptor but by neutralizing soluble IL-6, 
thereby preventing its binding to its receptor, downstream signaling can be impeded, thus 
blocking IL-6 induced inflammatory responses. This approach may have the potential to 
overcome some of the adverse side effects including immunosuppression due to the presence 
of inflammatory cytokines in the tissue. Aside from directly targeting soluble IL-6 and its 
receptor, studies have investigated targeting molecules within the signaling pathway or 
cytokine related receptors. Vaday et al described the success of inhibiting chemokine 
receptors in metastatic prostate cancer tumour models with human scFvs (Vaday et al., 2004). 
Other therapeutic agents include small molecule inhibitors of IL-6/IL-6R mediated signaling, 
in particular, inhibitors of STAT3 have been described to potentially prevent and treat 
tumorogenesis (Aggarwal et al., 2006). Other therapeutic agents tested in phase I and II 
clinical trials include small molecule kinase inhibitors such as INCB20, which is a synthetic 
compound that inhibits IL-6 dependent proliferation in myeloma cells by inhibiting JAK 
dependent STAT3 and Akt activation (Burger et al., 2009). Another multi-kinase inihitor 
successfully shown to inhibit growth of human medulloblastoma tumours includes the 
Sorafenib agent developed by Bayer to inhibit the ongonenic STAT3 phosphorylation. 
Inhibiting STAT3 by blocking upstream molecules such as JAK seems plausible as STAT3 is 
a key modulator in tumour progression and the success of suppressing STAT-3 in tumour 
models has been shown to induce the  expression of pro-inflammatory cytokines and 
chemokines to modulate immune responses against tumour cells (Wang et al., 2004). 
However, using small molecule kinase inhibitors may not be the best approach, as the main 
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limitation of such inhibitors is that they are not as specific as antibodies and a number of 
unwanted receptor tyrosine kinases can potentially be targeted. This may lead to adverse side 
effects as the STAT3 pathways, although behaves as an oncogenic gene in tumour 
progression, is central for normal cell regulation (see Figure 1.3).  
As the function of IL-6 entails multiple cell-cell interactions and signaling pathways that 
together promote bone metastasis, tumour cell proliferation and survival and angiogenesis, its 
inhibition has become noticeably promising in the treatment of cancer. The success of anti-
IL-6 therapeutics in clinical trials in various diseased models provides promise for the 
success of targeting IL-6 in cancer. Therefore, this study uses IL-6 as a relevant model to 
exemplify the benefits of targeting it using recombinant antibody therapeutics.  
1.2 Antibody Engineering  
In recent years antibodies have gained significant potential as therapeutic drugs with more 
than 34 monoclonal antibodies currently in the market (Aggarwal, 2011) approved for their 
human therapeutic use in various clinical fields ranging from oncology to infectious diseases 
and even transplantation (Reichert, 2011) and more than 240 in clinical development 
worldwide for a wide range of diseases (Chan and Carter, 2010).  In fact, antibodies are now 
known to comprise the largest class of drugs after vaccines primarily due to their high 
success rates for use in humans compared to small molecule drugs (Chames et al., 2009). In 
2010, they were the biggest selling class of biologics, with anti-inflammatory mAbs 
constituting almost half of all sales (46%) and mAbs in oncology accounting for 41% 
(Aggarwal, 2011). In the last decade, their success in the treatment of human cancers and 
particularly, targeting solid tumours has led to a rise in the number of therapeutic antibodies 
in various stages of clinical trials (Pillay et al., 2011). Their specificity and high affinity for 
their targets and longer plasma half-lives makes them favourable over small molecule drugs 
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(Chames et al., 2009). Toxicity levels are also reduced as a result of this, but a key advantage 
of using antibodies in therapy is that they can easily be manipulated to different antibody 
formats to improve functionality.   
Immunoglobulins comprise of five isotyoes, IgG, IgM, IgA, IgE, IgD, which are expressed in 
vertebrates and are highly specific targeting molecules that form the basis of the immune 
system. They are able to recognise a wide variety of antigens, thereby providing defences 
against various pathogenic organisms and toxins (Holliger and Hudson, 2005; Weisser and 
Hall, 2009). IgG1 are the most abundant antibodies present in humans and are widely used 
for therapeutic as well as diagnostic applications (Maynard and Georgiou, 2000; Weisser and 
Hall, 2009). Human IgG is a Y-shaped, multi-domain protein comprised of two identical 
heavy and light chains joined by a number of disulphide bonds (Figure 1.4). There are two 
types of light chains, either lamba (λ) or kappa (κ) neither possessing any significant 
functional differences (Janeway, 2005). Each light chain is composed of a variable region 
(VL) and a constant region (CL), whilst heavy chains comprise one variable region (VH) and 
three constant regions (CH1, CH2, CH3). The constant regions confer structural properties and 
effector functions of the immunoglobulin and largely comprise the Fc portion of the antibody 
which is involved in FcγR mediated signalling pathways and FcR clearance/ metabolic 
pathways. The variable regions, on the other hand are situated at the N-terminus of the two 
Fab fragments and are responsible for antigen binding (Janeway, 2005; Weisser and Hall, 
2009). The variable regions of both the heavy and light chains contain three hypervariable 
loops which form single antigen binding sites, also known as complementary determining 
regions (CDRs). The remaining parts of the variable domains make up the framework regions 
that form β-sheets to provide structural support (Janeway, 2005; Weisser and Hall, 2009).  It 
is this close interlink that provides immunoglobulins with the ability to bind a diverse range 
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of antigens in a highly specific manner and allows the use of antibodies to be exploited for 
therapeutic purposes.  
Clinically available antibodies belong to the IgG class and are predominantly of the IgG1 
isotype. However, a recent study has explored the possibility of IgE antibodies in therapeutics 
(Karagiannis et al., 2012). IgE are key regulators of allergic responses and can trigger 
powerful immune responses through strong affinity for their particular Fc receptors, FcεRI 
and FcεRII on effector cells, different to those binding IgGs. Their natural residency in 
tissues allow for activation of local immune responses. IgE binding to each receptor initiates 
a different signalling response to induce cell killing. Among those include degranulation by 
mast cells to release pro-inflammatory cytokines, including IL-6, to enhance the allergic 
response. Karagiannis et al postulated that the properties of IgE commonly described in 
allergy and defence against parasitic infections, could be applied to cancer cells to 
demonstrate effective targeting of tissue resident tumours(Karagiannis et al., 2012). The 
findings suggest advantages of using IgE strategies in cancer therapies, but are still premature 
for immunotherapeutic use, primarily due to its antibody-mediated inflammatory responses 
which may exert adverse side effects. The pioneering of IgG1 since the 1980s has allowed 
antibodies to earn their place in clinical applications and treatments for a number of 
malignancies and currently remains at the forefront of antibody therapeutics.   
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Figure 1.4: Basic structure of an IgG1 antibody molecule. The heavy chains (blue) and light 
chains (yellow) are labelled such that the V represents variable domains, whilst the C 
represents constant domains. IgG has a Y configuration with a flexible hinge region that 
allows movement of the Fab arms. The Fab arms carry the hypervariable regions at its ends to 
allow antigen recognition and the Fc domains are involved in effector functions. The CH2 
domains in the Fc portion contain glycosylated moieties (pink) at Asn297, which modulate 
pharmacokinetic properties and contribute to immunological responses.   
 
Antibody therapeutics, typically consisting of IgG1 formats have developed tremendously 
over the last few decades, originating from hybridoma mouse monoclonals to chimerisation 
and humanisation in the mid 80’s to the current successful technique of deriving humanised 
murine antibodies or from phage libraries (Chan and Carter, 2010). Of the many mAbs 
approved for human cancer therapy or in Phase III clinical trials, the most successful include 
anti-TNFα, Adalimumab (Humira) in the treatment of Rheumatoid arthritis and Crohn’s 
disease, anti-CD20, rituximab (Rituxan
®
) in the treatment of lymphomas; anti-HER2, 
trastuzumab (Herceptin) in breast cancer treatment and anti-VEGF, bevacizumab (Avastin
®
) 
for colorectal cancer (Deonarain, 2008). The success of antibodies is driven by their 
established commercial development and from their ability to specifically target ligands or 
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receptors to induce cell death in an array of diseases. Their ability to block cytokines and 
growth factors has been illustrated in the treatment of inflammatory diseases. The success of 
chimeric infliximab in the treatment of Crohn’s disease by blocking TNF initiated the 
development of additional TNF antagonists, utilizing the advances in antibody engineering 
and since have been applied to other classes of therapeutic agents (Evans and Lee, 2012).  
Despite, the many successes of antibody therapeutics, there are limitations to this technology. 
Overcoming immunogenicity issues from initial murine hybridoma technology, other 
limitations of using full-length human monoclonal antibodies include the immunogenicity 
induced from the effector functions of the Fc portion of the antibody, such as cytokine 
inactivation, receptor blockade and viral neutralisation. The Fc portion of the antibody can 
interact with Fcγ receptors expressed by various cells of the immune system, including 
macrophages, neutrophils, dendritic cells and natural killer (NK) cells (Chames et al., 2009). 
The recruitment and activation of these cells, in particular macrophages and endothelial cells 
can induce ADCC and CDC and whilst this may be desirable in some situations, it can lead to 
undesirable cytotoxic side-effects. Furthermore, the CH2 domain of IgG1 molecules in the Fc 
portion are glysoylated, which is extremely important for modulating affinity of the Fc for its 
receptor, thus modifying its in vivo efficacy. This is particularly relevant as the therapeutic 
antibody has to compete with high concentrations of the patients IgGs for binding to its 
receptors, thus high doses of the antibody drug would need to be administered to achieve 
desirable serum concentrations. Another limitation to mAbs is its affinity for inhibitory Fc 
receptors, expressed by various immune cells and signalling through them can result in 
negative regulation of effector functions (Chames et al., 2009). A major limitation to 
antibody therapy in cancer is that it does not cure the cancer and continuous treatment can 
result in drug resistance as signalling modules may be affected, thereby inducing mutations, 
as seen with rituximab (Bonavida, 2007). Another important point to consider aside from its 
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high production costs, limiting wide use of the drug, is the tumour penetrating properties of 
mAbs. Beckman et al reported that no more than 20% of administered mAb directed against 
turmour specific antigens interacted with the tumour (Beckman et al., 2007). As mAbs are 
large molecules, they are unable to penetrate deep into target tissue and predominantly bind 
to its antigen at the periphery of the tumour. Moreover, mAbs have the ability to target only 
one species, whereas it is clear in all diseased states, particularly cancers there are many 
factors contributing to metastasis and administering mAbs can only target one of the many 
factors involved. This is especially difficult in cancer stem cells, postulated to be responsible 
for tumour development, metastasis and relapse. However, cancer stem cells share many 
characteristics with normal stem cells and their antigens are not clearly defined, thus making 
it difficult to raise mAbs against them, although many approaches for accomplishing this are 
underway (Okamoto and Perez, 2008). Another limitation, is the technology so far has only 
been shown to target cell surface or blood-borne molecules, whilst the task of targeting 
intracellular molecules remains to be seen (Carter, 2006). In an attempt to address some of 
these limitations, extensive studies on antibody engineering have given rise to a whole new 
avenue of antibody therapeutics. Extensive efforts on designing antibody conjugates to 
deliver toxic payloads in the form of cytotoxic drugs, toxins or radionuclides to the tumour 
have shown success in the treatment of solid tumours (Govindan and Goldenberg, 2010). The 
generation of a vast number of recombinant antibody fragments also tackles some of the 
limitations associated with Fc-mediated functions of IgG and the introduction of bispecific 
antibodies attempts to target two different antigens simultaneously.  
1.2.1 Recombinant Antibody Fragments 
Monoclonal antibody engineering has given rise to recombinant antibody fragments with 
defined sizes, valency and desired pharmacokinetic profiles. In the last decade, these 
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recombinant antibody fragments have received much attention for their therapeutic and 
diagnostic applications. Their smaller size, more economical production and easy selection 
and genetic manipulation properties have allowed them to become a popular alternative to 
full length monoclonal antibodies (Weisser and Hall, 2009). To date, antibody engineering 
has already provided up to 13 successful drugs for cancer with many more on the way 
(Reichert, 2011).  
Early antibody fragments without the Fc portion included Fab and F(ab)2 fragments generated 
from proteolytic treatment. However, due to the non-specificity of proteolysis, other smaller 
recombinant antibody fragments were investigated to yield high target specificity and affinity 
(Weisser and Hall, 2009) as well as scalability for commercial use. Single chain variable 
fragments (scFvs) have been shown to be readily expressed by various expression systems 
and thus, have become the most popular of recombinant antibodies (Scott et al., 2008; 
Weisser and Hall, 2009). The first scFv was developed independently in 1988 by Bird et al 
(Bird et al., 1988) and Huston et al (Huston et al., 1988), who discovered the 25 kDa 
molecules termed Fv fragments, first discovered by Inbar et al (Inbar et al., 1972) maintained 
all the Fab properties of the Ab and could be associated non-covalently (Skerra and 
Pluckthun, 1988). Both Bird et al  and Huston et al then went onto show that a flexible and 
hydrophilic peptide linker can be used to combine the VL and VH domains together forming 
a 30kDa antigen binding molecule (Huston et al., 1988) (Figure 1.5). Therefore, the scFv 
retains the specific, monovalent, antigen binding affinity of the full monoclonal Ab. Other 
antibody fragments include VH, camelid VHH and shark V-NAR fragments (Figure 1.5). The 
absence of the Fc domain means it gains fast pharmacokinetics (i.e for faster/ deeper tissue 
penetration and better antigen targeting, faster non-specific clearance) as well as reduced 
cross reactivity and immunogenicity as inappropriate activation of Fc-receptor expressing 
cells can lead to massive cytokine release and associated toxic effects (Holliger and Hudson, 
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2005).  Another advantage is that its reduced size allows faster blood clearance, resulting in 
high in vivo tumour to tissue ratios, which is particularly beneficial in cancer treatment and 
imaging (Holliger and Hudson, 2005). However, this is also a major limitation in some 
applications as it increases renal clearance, lowering its bioavailability and level of target 
tissue distribution, leading to a shorter therapeutic window. Since higher doses of the 
antibody drug would need to be administered to overcome this rapid clearance, the potential 
of re-introducing toxic side-effects upon its patients would increase. Furthermore, the high 
cost of production would limit its use. Another major limitation of scFv molecules is their 
monovalent binding which means they quickly dissociate from their antigen, thus limiting 
retention times on the target antigen (Holliger and Hudson, 2005). Therefore, they have been 
engineered into various scFv-based multimeric fragments (Figure 1.5) exhibiting high avidity 
as they can associate with two different targets, thereby recruiting effector functions and 
delivering cytotoxic cells to target sites. The versatility of scFvs also allows conjugates to be 
engineered on to it to improve in-vivo pharmacokinetics properties. 
 
Figure 1.5: A schematic diagram representing the evolution of an IgG molecule to various 
recombinant antibody formats. A variety of antibody fragments are shown including, scFv, Fab, 
single-domain VH and various multimeric formats. Camelid VhH-IgG and shark Ig-NAR 
immunoglobulins are also shown. Figure modified from Holliger and Hudson, 2005. 
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Antibody fragments have become suitable tools for imaging and targeting solid tissue as their 
small size and molecular weight allow for rapid uptake into tissue, however, a major 
limitation is the fast clearance times associated with these antibody formats. Its lack of the Fc 
region prevents it binding to neonatal Fc receptors (FcRn) expressed on the surface of several 
types of cells including vascular endothelial cells, monocytes and macrophages. The FcRn 
plays an important role in IgG homeostasis and can extend the serum half-life of IgG1 by up 
to several weeks and therefore, antibody fragments lacking the Fc portion are cleared much 
faster from the blood. Their smaller size also modulates faster elimination from the kidneys 
as they are easily filtered through the glomeruli. The average half-life is reduced significantly 
from weeks to hours (Figure 1.6). In an attempt to slow down the clearance rate, much work 
has been done to increase its half-life. An example of a successful antibody fragment 
approved for clinical use is certolizumab pegol (Cimzia
®), a TNFα neutralising humanized 
Fab’ fragment chemically conjugated to polyehylene glycol (PEG) (see section 1.3.2 for a 
more detailed description).  
 
Figure 1.6: Schematic diagram showing the relationship between engineered antibody formats and 
blood clearance. Different antibody formats: scFv (30kDa), Fab (50kDa), (Fab)2 (100kDa) and intact 
antibodies (150kDa) have different half-lives (shown in brackets for humans).  
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1.3 Pharmacokinetics 
The efficacy and safety of protein therapeutics is governed by its pharmacokinetic properties, 
including plasma half-life, which influences administration and distribution. Many protein 
therapeutics, with the exception of full length mAbs and Fc fusion protein, are below the 
50kDa glomerular filtration cut off weight, and possess short plasma half-lives in the range of 
minutes to hours. Several strategies have been adopted for extending short circulating half-
lives and overcoming proteolytic degradation and low solubility of small recombinant 
antibodies (Roberts et al., 2002). These include genetic manipulation to decrease proteolytic 
cleavage and immunogenicity; incorporation into drug delivery vehicles for protection; 
fusions to immunoglobulin and serum proteins or conjugations to synthetic or natural 
polymers for prolonged serum half-lives (Roberts et al., 2002) and a variety of slow drug 
release technologies for example, in the administration of an insulin analogue in the  
treatment of diabetes (Chatterjee et al., 2006). The approaches for physically extending 
plasma half-life can be divided into two main strategies; one is by implementing the recycling 
of the neonatal Fc receptor (FcRn) and the other is by increasing the hydrodynamic radius of 
therapeutic proteins (Figure 1.7).  
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Figure 1.7: Schematic diagram illustrating the different strategies used for modulating 
pharmacokinetics of therapeutic products, eg. antibody fragments. The two main routes for 
enhancing plasma half-life are by increasing the hydrodynamic radius of the recombinant protein to 
exceed the renal threshold or by implementing FcRn mediated recycling, either by direct binding of 
through the Fc region or by fusions with albumin or albumin binding peptides. Figure modified from 
Constantinou et al., 2010.  
 
1.3.1 Strategies employing FcRn mediated recycling 
Intact antibodies, IgG1 for example, are one of the most abundant soluble proteins in the 
blood with a serum half-life of around three weeks in humans, whereas smaller recombinant 
fragments such as scFvs, usually lie in the range of several hours (Figure 1.6) (Filpula, 2007). 
The FcRn binds to the Fc region, specifically at the junction between CH2 and CH3 domains 
of IgGs and plays a vital role in regulating  its serum half-life, via a pH dependent mechanism  
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(Hinton et al., 2006). The recycling of intact mAbs occurs in many cells of the reticulo-
endothelial system where IgG binds to FcRn in the acidic environment of endosomes 
(pH6.0), following fluid-phase uptake through for example, pinocytosis. Bound IgG is 
recycled and released at the cell surface back into the blood plasma due to a change in pH 
(pH7.4). Any retained IgG enters the lysosome and is degraded. Many studies have exploited 
this mechanism and shown by manipulating the pH-dependent binding affinity between the 
FcRn and extending the antibody half-life, enhances therapeutic efficacy in certain 
applications (Zalevsky et al., 2010). For example, a recent study has shown the engineering 
of both variable domains of an anti-IL-6 antibody, coupled with CH2 domain engineering has 
improved both serum half-life and efficacy in vivo (Finch et al., 2011). Antibody fragments 
lacking the Fc portion cannot undergo such recycling mechanisms to ensure high serum 
levels, therefore, much work has been focussed on extending the circulating half-life of 
antibody fragments, by increasing the apparent molecular size of the molecule using chemical 
conjugations or exploiting recombinant approaches by fusing with serum proteins such as 
albumin, which also bind to the FcRn in a similar manner, independent of IgG. Other 
strategies employ various heavy chain fragments such as Fc or CH3 domains (Constantinou 
et al., 2010; Weisser and Hall, 2009). Fc fusions have been shown to be highly effective 
therapeutics in anti-inflammatory diseases. For example, antagonists of TNFα such as 
entanercept have been shown to be highly effective for the treatment of rheumatoid arthritis. 
(Garrison and McDonnell, 1999). It consists of TNF receptors fused to the CH2 and CH3 
domains of the Fc region and works by neutralising soluble and membrane bound TNFα. 
Another example includes a modified human IFN-α-2b linked to the Fc portion of IgG1 in the 
treatment of hepatitis C. The Fc fusion was shown to improve serum half-life by 20-fold 
(Jones et al., 2004). Despite the success of Fc-based fusion proteins improving serum half-
life, thus reducing the frequency of drug administration, this approach has its limitations 
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including the restriction of targets to those in the circulation and those presented on the 
surface of cells. Another limitation and possibly the most crucial is that of immunogenicity. 
As the Fc portion modulates receptor binding and subsequent activation of effector cell 
function and possible cross-reactivity, it is not surprising to find adverse reactions observed 
with TNFα-receptor constructs (Keane et al., 2001). Therefore, albumin may serve as a better 
tool for extending serum half-life. A common and widely studied serum protein exploited for 
prolonging circulating half-life is human serum albumin (HSA) (Chuang et al., 2002). HSA is 
the most abundant plasma protein accounting for 80-90% of all plasma protein, together with 
IgG, with a serum concentration of 35-50mg/ml. It typically has a half-life of ~20 days as it 
engages in FcRn binding and recycling, similar to IgG (Kontermann, 2012). Aside from 
extending serum half-life, using albumin as a fusion partner has many additional advantages. 
For example, as it is a natural carrier protein present at high concentrations in the plasma it 
does not initiate any effector functions and thus, is not immunogenic. Furthermore, in 
contrast to Fc fusion proteins, it can form monomeric fusions, therefore, simplifying 
purification and dosing (Kontermann, 2012). Numerous studies have shown HSA fusions 
with a wide range of small proteins and peptides prolong the in vivo half-life, including those 
with antibody fragments. Fusions with scFvs have revealed up to a 12-fold increase (Chuang 
et al., 2002; Smith et al., 2001). Recent work has also shown HSA fusions with an anti-CEA 
scFv increases highly specific tumour uptake compared to the scFv alone (Yazaki et al., 
2008) proving its versatility as an imaging agent as well as a therapeutic drug delivery 
mechanism. This was further demonstrated by Dennis et al identified a specific peptide 
sequence that bound to serum albumin with high affinity and showed that fusing an albumin-
binding peptide, SA21, to an anti-tissue factor Fab significantly reduced the Fab in vivo 
clearance by 25-fold in mice, showing half-lives comparable to those of PEGylated Fab 
molecules (Dennis et al., 2002). With a Herceptin-derived Fab fragment, they also showed 
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the fusion significantly improved tumour deposition and retention. Rapid tumour targeting 
was achieved as the fusion protein was observed in the tumour within two hours and was 
sustained beyond 24 hours, similar to Herceptin (Dennis et al., 2007) thereby, demonstrating 
the potential for engineered albumin fusion proteins for imaging and cancer therapy. 
However, like any therapeutics, even the recombinant albumin fusion technology has its 
limitations. Whilst albumin fusions offer enhancements in pharmacokinetics, it does not offer 
any other functions, such as cytotoxicity, thus limiting its applications. Furthermore, the use 
of flexible linkers may interfere with interactions between the therapeutics and its targets. In 
addition use of novel polypeptides risk immunogenicity, particularly where non-human 
moieties are used and therefore, despite being at the forefront of strategies used for improving 
pharmacokinetics, modifications and new strategies are continuously being explored.  
1.3.2 Strategies to increase the hydrodynamic radius 
Increasing the size, thus the hydrodynamic volume of the recombinant protein to above the 
renal cut-off at 50-70kDa, which equates to approximately 50Å diameter for a globular 
protein, is a popular strategy employed by many to improve the plasma half-life. This can be 
achieved by chemical and post-translational modifications and through genetic engineering to 
allow the production of fusion proteins.  
The best established and possibly the most successful method has been the chemical 
conjugation of highly solvated and physiologically inert polyethelene glycol (PEG) polymers. 
The addition of PEG to enzymes, interferon-α2b, G-CSF, erythropoietin and a Fab fragment 
highlight the success of PEGylation with  at least nine FDA approved PEGylated drugs in the 
market at present, with several more in various phases of clinical trials including anti-tumour 
drugs (Kontermann, 2012; Pasut and Veronese, 2009). 
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PEGylation has been widely exploited for its pharmacokinetic properties by fusions with 
various scFvs, minibodies, diabodies to increase the in vivo half-life (Weisser and Hall, 
2009). Chapman et al., 1999, first demonstrated that site-specific addition of PEG molecules 
to a Fab antibody, improved in vivo half-life as well as improved antibody efficacy, compared 
to random conjugations, as PEG molecules were attached at Fab hinge regions, away from 
the antigen binding site. They also revealed that increasing the number of PEG molecules, 
increased the half-life. The attachment of two 25kDa PEG chains at the hinge region retained 
full antigen-binding affinity and improved the half-life by 27-fold compared to the Fab alone. 
This in turn, improved the bioavailability, denoted by the area under the plasma concentration 
time curve (AUC) and demonstrated that 80% of the AUC, relative to the IgG was attained. 
This technology has since been applied to numerous antibody fragments to show improved 
pharmacokinetics. A well known anti-TNFα mAb, Humira, was re-engineered to produce 
scFvs in Pichia Pastoris and showed that by addition of site-specific conjugation of 
maleimide-PEG polymers, the half-life was increased by100-fold in mice, compared to the 
scFv alone (Yang et al., 2003). Similarly, Krinner et al., 2006, designed a fully human 
PEGylated anti-GM-CSF scFv to demonstrate increased protein stability and a 30-fold 
increase in half-life, although both studies have only demonstrated the potential of 
PEGylation and require further refinements to succeed to clinical trials. The success of FDA 
approved PEGylated interferon-α conjugates includes the use of PEG-INTRON® and 
PEGASYS
®
 in the treatment of Hepatitis C and are also in various stages of clinical trials for 
treatment of myeloma (Hwu et al., 2006) and chronic myelogenous leukaemia (Michallet et 
al., 2004). The interferon-α2b conjugate, PEG-INTRON® conjugated to a linear 12kDa PEG 
was well tolerated and demonstrated clinical activity in patients with leukaemia and solid 
tumours (Bukowski et al., 2002). A further development included the generation of 
PEGASYS
®
, an interferon-α2a conjugate of 40kDa branched PEG, which not only showed 
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higher protein stability, but also enhanced in vivo circulation time by around 2-fold, 
compared to PEGINTRON
®
, but at the cost of reducing its in vitro activity (Rajender Reddy 
et al., 2002). The most successful PEGylated antibody fragment includes the anti-TNFα Fab 
fragment, certolizumab pegol, commercially known as cimzia for its treatment in Crohn’s 
disease. Since then the development of di-Fab fragments targeted against platelet derived 
growth factor (PDGF) and growth factor receptor (GFR) for the treatment of solid tumours 
have progressed to clinical trials (Kontermann, 2012). A PEGylated diFab antibody that binds 
to vascular endothelial growth factor receptor-2 (VEGFR-2) has also progressed through to 
phase two of clinical trials in combination with chemotherapy drugs in the treatment for non-
small cell lung cancer, showing improved plasma retention times of around three weeks (Ton 
et al., 2007) and demonstrated a reduction in tumour progression by 32% when used in 
combination with chemotherapy (Pasut and Veronese, 2009). 
PEG units are connected in linear or branched configurations of varying lengths and have 
been reported to exhibit greater half-lives in their branched forms, possibly due to exhibiting 
greater resilience to proteolytic cleavage (Fee, 2007). Cimzia, the first FDA approved protein 
conjugate consisted of branched PEG molecules. Due to its hydrophilic nature, each ethylene 
oxide subunit can support up to three water molecules PEG producing a ‘watery shield’ 
around the protein, thus increasing its hydrodynamic volume, which in turn increases its 
apparent size (Figure 1.8). This is particularly important at around 50-70kDa (50Å) which is 
the molecular cut off weight for glomerular filtration (Constantinou et al., 2010). Since PEG 
increases the hydrodynamic volume of the antibody to an apparent molecular weight greater 
than the kidney threshold, the protein escapes rapid kidney clearance, prolonging its half-life 
and subsequently, enhancing its bioavailability (Knop et al., 2010). A number of site-specific 
conjugation strategies have been explored, including the use of PEGylation reagents (Khalili 
et al., 2012) with native and accessible disulphide to retain the molecule’s tertiary structure 
47 
 
and biological activity to improve PEG-conjugate stability and efficiency (Brocchini et al., 
2008). Futhermore, PEGylation has even shown to improve tumour localisation, as Kubetzka 
et al (Kubetzko et al., 2006) demonstrated the monovalent and dimeric forms of a PEGylated 
anti-HER2 scFv showed 8.5 and 14.5-fold higher tumour localisation, respectively, 48-hours 
post injection. The PEG ‘shield’ also masks the epitopes from potential proteolytic enzymes 
and antibodies, preventing degradation (Knop et al., 2010). For example, serum IgG 
conjugated to PEG were impervious to tyrpsin and more resistant to chymotrypsin and pepsin 
than the IgG alone (Cunningham-Rundles et al., 1992). Its highly soluble properties also 
means attached drugs or carriers are provided with greater physical and thermal stability, 
preventing aggregation in vivo (Knop et al., 2010). In addition, its clinical application for use 
in blood and organ storage has been shown to reduce aggregation of red blood cells (Mosbah 
et al., 2006). Another advantage of PEGylating proteins is the reduced immunogenicity 
achieved due to the ‘watery shield’ preventing opsonisation by the immune system due to 
steric hindrance. A good example is PEGasparaginase, where PEGylation was used to shield 
the antigenic sites on the surface of asparaginase and thus, reducing the formation of 
antibodies associated with the asparaginase (Graham, 2003). However, despite its many 
successes there are various disadvantages to PEG polymers, including immunological 
responses and toxic side effects due to its non-biodegradable nature. Although, PEG is 
generally well tolerated, with at least nine reported peptide and protein conjugates approved 
as therapeutic agents (Payne et al., 2011), long term administration of PEGylated drugs can 
cause toxic accumulation raising side effects amongst its patients. Studies have shown 
repeated administration of PEGylated liposomes induced the production of anti-PEG 
antibodies (Sroda et al., 2005). Animal studies have also shown the uptake of PEG by cells of 
the reticulo-endothelial system induces renal tubular vacuolation at high doses (Bendele et 
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al., 1998). PEGylation of recombinant proteins is also a lengthy and expensive process and 
therefore, alternatives to PEG have been widely explored.  
 
Figure 1.8: Schematic diagram illustrating the main advantages of PEGylating recombinant proteins. 
The hydrophilic nature of PEG produces a ‘watery shield’ (blue circle) around the protein, thus 
increasing the solubility of the drug-conjugate and masking it from proteolytic degradation and 
preventing antibody recognition to elicit an immune response. PEG also increases the apparent 
hydrodynamic radius and volume to exceed the renal threshold, therefore, reducing kidney filtration 
and enhancing circulating half-life.  
 
Recombinant polypeptide mimetics of PEG have been discovered resembling the hydrophilic 
and flexible structure of PEG, thereby increasing the hydrodynamic volume and extending 
serum half-life. Such strategies include the genetic fusion of certain hydrophilic amino acid 
polymers to proteins to increase the hydrodynamic volume of the complex. By avoiding 
chemical coupling and additional purification steps, PEG mimetics provide several 
advantages over PEGylation, including lower costs and improved yields as well as easy 
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manipulation to suit clinical requirements. For example, their length can be easily varied by 
simple genetic engineering to allow customised PK properties. Utilising natural polypeptide 
chains also have the advantage of being fully biodegradable and therefore, reduce the risk of 
toxicity. Although at an early stage, PEG mimetics provide the potential to deliver bio-
pharmaceutics and replace traditional chemical strategies, such as PEGylation in biological 
drug development.  
Schlapschy et al in 2007, investigated the fusion of a glycine-rich homo-amino-acid polymer 
(HAP) to an anti-HER2 Fab fragment to increase the hydrodynamic radius, showing a modest 
increase in half-life (Schlapschy et al., 2007). The recombinant Fab fragment of trastuzumab, 
commercially known as Herceptin®, was fused at the C-terminus to 100 and 200 residues of 
a repetitive (Gly4Ser) sequence to show an increase in hydrodynamic volume of over double 
that of the Fab alone, but only a 3 fold increase in serum extension. It became apparent such a 
tool was better suited for in vivo imaging applications. However, its tendency to form 
aggregates posed a natural limitation thus, encouraging further investigations. The process of 
PASylation was discovered as an improved form of GS sequences and utilises a Poly-(Pro-
Ala-Ser) fusion to enhance the hydrodynamic radius, thus improving pharmacokinetic 
properties (Constantinou et al., 2010; Weisser and Hall, 2009). So far, PAS polymers 
consisting of varying lengths between the range of 200 and 600 residues has been fused to 
interferon-α-2b, a humanised Fab fragment and human growth hormone to reveal a 
significant increase in hydrodynamic volume and noticeably longer circulation times in mice, 
by a factor of 10-100 fold. Its resistance to serum proteases and non-immunogenic activity, 
due to lack of T-cell epitopes, reveals it as a promising alternative to PEG. Furthermore, it 
has been seen to show rapid degradation in response to kidney enzymes in vitro promising 
biodegradability (A. Skerra, PEGS, Boston, 2011).  
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Another recent development of PEG mimetics includes the fusion of an unstructured 
recombinant polypeptide of 864 amino acids, called XTEN, to peptides and proteins to show 
a prolonged in vivo half-life as well as a reduced immunogenic effect. This unstructured non-
repetitive amino acid polymer comprises of the residues P,E,S,T,A,G and is speculated that 
its highly negatively charged properties augment the increased hydrodynamic volume and 
repel glomerular membrane to induce an extended half-life (Schellenberger et al., 2009). 
However, the membrane repulsion due to the negative charge may also be disadvantageous 
for targeting solid tumours which require tissue penetration. The XTEN lacks any 
hydrophobic amino acids and so reduces the presence of T-cell epitopes, thereby, reducing 
immunogenecity as MHC molecules require hydrophobic anchor residues for efficient 
display. Furthermore, Schellenberger et al (Schellenberger et al., 2009) show that the XTEN 
does not possess any homology to natural human proteins, thereby reducing cross-reactivity, 
which is possibly the greatest limitation to using PEG mimetics consisting of random peptide 
sequences. XTEN, like PEG also stabilises its payload by means of shielding mechanisms, 
which may prevent cross-reactivity and protein degradation, but it may also reduce 
bioactivity of the drug. XTEN fusions to glucagon (Geething et al., 2010), GFP and human 
growth hormone and exenatide, a 39 amino acid peptide with similar effects to glucagon-like 
peptide 1, marketed as Byetta in the treatment of Diabetes type 2, have all demonstrated the 
use of XTEN to regulate dosing of rapidly clearing protein drugs at up to monthly intervals in 
humans (Schellenberger et al., 2009).  
The attachment of hydroxyethyl starch (HES) molecules on to proteins has gained 
considerable interest in recent times. HES is a modified natural polymer derived from a 
polysaccharide, amylopectin, predominantly found in maize and therefore, is non-
immunogenic in humans. HES, clinically used in patients for plasma volume substitutes has 
sparked investigations into coupling with various pharmaceutical components for drug 
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delivery due to its clinically proven safety profile, low immunogenicity and large molecular 
weight, ranging from 70-670kDa amongst others (Kontermann, 2012).  
Another bio-degradable polymer, promising to supercede PEG is polysialylic acid (PSA), 
first proposed in 1993 by Gregoridis et al (Gregoriadis et al., 1993). This study focuses on 
this particular biopolymer as a tool to extend serum half-life of therapeutic antibody 
fragments.  
1.4 Polysialylation  
Polysialylation is a natural process consisting of the attachment of carbohydrate moieties to 
the backbone of proteins via O- or N- linkages (Figure 1.9). O-linked glycoproteins contain 
N-acetylgalactosamine (GalNAc) residues, although other variants do exist, for example, O-
linked mannose, which are attached to proteins through the hydroxyl group of either serine or 
threonine residues in the polypeptide, during the latter stages of protein post-translational 
processing, in the Golgi apparatus. N-linked glycoproteins, on the other hand, contain N-
acetylglucosamine (GlcNAc) residues at its reducing terminal and are linked to an amide 
group of an asparagines residue in the Asn-X-Ser/Thr consensus sequence, where X is any 
amino acid, except proline. This process is initiated in the lumen of the endoplasmic 
reticulum (ER). Additional processing can produce complex N-glycans with up to four 
branches, each which can be terminated with negatively charged sialic acid residues 
(Kontermann, 2012).  
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Figure 1.9: Schematics illustrating typical structures of N- and O-linked oligosaccharide chains.  
 
Polysialylic acid (PSA) is a naturally occurring homopolymer of α-2,8 or 2,9-linked  N-
acetylneuraminic acid (Neu5Ac) residues capping terminal α-2,3 or α-2,6 linked sialic acid 
residues on N-linked and O-linked glycans of a small group of proteins (Galuska et al., 2008). 
It is found as colominic acid in bacteria or PSA in mammalian cells (Figure 1.10). Initially 
found coating the walls of bacteria to protect from the body’s defences, the roles of PSA have 
been extended to functions in the body, where it modulates neural tissue development and 
aids in cancer metastasis by reducing cell adherence and promoting migration (Gregoriadis et 
al., 2005). It was this unique protective ability of PSA that prompted Gregoriadis to 
investigate its use to shield therapeutic molecules from the biological environment and 
improve pharmacokinetics (Gregoriadis et al., 1993). Like PEG, it’s highly hydrophilic 
nature also produces a ‘watery shield’ around the therapeutic molecule masking interactions 
with other molecules such as proteolytic enzymes, opsonins, neutralising antibodies or 
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receptors on phagocytic cells, enabling preservation of both its structural integrity and 
activity as well as prolonging its presence in the body. For instance, studies showing the 
polysialylation of two enzymes, catalase (Fernandes and Gregoriadis, 1996) and asparaginase 
(Fernandes and Gregoriadis, 1997) demonstrated that the PSA improves the stability of both 
enzymes in the plasma at 37
o
C and retains ~80% of its activity as the PSA shields the 
enzymes from plasma proteases. Jain et al (Jain et al., 2003), also demonstrated that covalent 
coupling of PSA to insulin reduced glucose levels in vivo, similar to those seen with intact 
insulin, but showed a more prolonged response as normal glucose levels were retained 9 
hours after treatment, instead of 3 hours. It has been shown that the longer the PSA chain, the 
longer the circulatory half-life and half-lives of up to 40 hours for PSA have been observed in 
mice after intravenous injections (Gregoriadis et al., 1993). Furthermore, polysialic acids are 
T-independent antigens and do not induce immunological responses and bacterial PSA being 
chemically and immunologically identical to PSA in the host organism does not react with 
low affinity PSA antibodies known to exist at trace levels in the blood (Gregoriadis et al., 
2000). Fernandes et al, demonstrated that PSA chains present on the surface of asparaginase 
molecules, prevented complexing with its antibodies in the circulation, thereby reducing 
antigenicity of the asparaginase (Fernandes and Gregoriadis, 2001). Work with insulin 
showed significant reduction in both antigenicity and immunogenicity as four subcutaneous 
injection of polysialylated insulin were required to elicit a modest immune response in mice 
(Jain et al., 2003). The application of PSA has many advantages, some of which have been 
highlighted and its pharmacokinetic enhancing properties which mirror those of PEG, 
supports its application as a natural alternative to PEG for extending serum half-lives of 
recombinant antibodies.  
 
54 
 
 
Figure 1.10: The structure of polymer of PSA. The sialic acid monomer is highlighted in 
brackets.  Neu5Ac units are linked via α-2,8 glycosidic linkages.  
 
1.4.1 Roles of PSA in mammalian cells 
In mammalian cells, PSA is found predominantly on neural cell adhesion molecules 
(NCAM), where it plays an anti-adhesive role in brain development (Bruses and Rutishauser, 
2001; Constantinou et al., 2010). NCAM belongs to the immunoglobulin gene superfamily 
and is located on chromosome 11q23 in humans (Rosenberg, 1995). Four different NCAM 
isoforms, arising from mRNA splicing have been reported with molecular masses of 
180,140,120 and 110kDa. Each isoform consists of five immunoglobulin-like (Ig) domains, 
two fibronectin type III (FNIII) repeats and either a transmembrane region plus a cytoplasmic 
tail (NCAM 140 and 180), found primarily on neurons, or glycosylphosphatidylinosotol 
(GPI) anchor (NCAM 120), found in both neurons and muscle cells. NCAM 110 is a secreted 
isoform (Rosenberg, 1995). Recent studies have demonstrated that it is the fifth Ig domain 
(Ig5) that carries NCAM’s polysialic acid and the first FN domain (FN1) that facilitates this 
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process in the presence of polysialytranferase enzymes, PST and STX (Close et al., 2003). 
NCAM is expressed on the membranes of neurons and glia cells and regulate cell adhesion, 
signalling, migration and plasticity in the central nervous system via homophillic and 
heterophillic interactions (Galuska et al., 2008). It is also involved in learning and memory 
processes (Bork et al., 2007). 
Polysialylated NCAM is highly expressed in embryo and neonatal tissue, but is greatly 
reduced in adult tissue and is mostly restricted to areas of the adult brain that require 
morphofunctional plasticity (Colley, 2008). PSA promotes axon guidance and cell migration 
during development as well as synapse formation (Durbec and Cremer, 2001). Its large, 
negatively charged and highly hydrated properties means that it increases intermembrane 
space and impedes the close approach and adhesion between cells, therefore, promoting cell 
motility, neurogenesis, axon outgrowth and synaptic plasticity (Galuska et al., 2008). In adult 
tissue, PSA is expressed in specific areas of the brain such as the hippocampus and the 
olfactory bulb which generate neurons and exhibit physiological plasticity. PSA’s crucial role 
in brain development has been demonstrated by studies using knockout mice to show the 
detrimental effects on mice brain and ultimately survival by knocking out PST and NCAM 
(Weinhold et al., 2005).  
PSA is also found in other cells of the body, such as the natural killer (NK) cells and 
dendritic cells in the immune system, CD36 scavenger receptor in milk and the α-subunit of 
the voltage gated sodium channel (VGSC) (Foley et al., 2010a). VGSCs are membrane 
proteins, widely expressed in a number of excitable cells including, neurons, neuroendocrine 
cells and skeletal and cardiac myocytes where they initiate and propagate action potentials 
(Brackenbury et al., 2008). They also participate in cell adhesion, influencing cell migration 
and have been shown to play key roles in the association of tumour progression, including 
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breast (Chioni et al., 2009) and prostate cancer (Diss et al., 2008). The α-subunit of the 
sodium channel was the first mammalian glycoprotein, aside from NCAM to exhibit PSA 
expression and subsequent work has shown N-linked sialylation of the β1 subunit of VGSCs 
can modulate channel gating (Johnson et al., 2004). The PSA found on CD36 and neuropilin-
2 on dendritic cells exists on O-linked glycans (Rosenberg, 1995).  
PSA has also been attributed to cancer progression as the expression of PSA has been found 
on a number of cancer cells, such as neuroblastomas, gliomas, medulloblastomas, small cell  
lung carcinomas, Wilms tumour and in other pediatric tumours (Colley, 2008). Its expression 
has been shown to correlate with tumour progression, suggesting their roles in facilitating 
tumour invasion and growth (Suzuki et al., 2005). With PSA and NCAM playing such pivotal 
roles in brain development, it comes as no surprise to find their association in a number of 
human brain disorder such as schizophrenia and Alzheimer’s, along with muscles diseases 
such as dystrophy and denervation (Maness and Schachner, 2007).  
The roles of PSA in increasing cell plasticity and metastasis have been described in many 
studies. For instance, Michalides et al, observed a significant correlation between PSA 
expression and aggressiveness of small-cell lung cancer carcinomas and suggested that the 
PSA may function to impair cell-cell interactions and cause tumour cell migration(Michalides 
et al., 1994). However, the roles of PSA on proteins are unlikely to be tumourogenic as 
studies have shown the attachment of PSA onto small peptides and proteins is safe and non-
immunogenic as on proteins, it primarily behaves as a protective shield and structural 
hindrance by the PSA prevents it and its conjugated peptide from cross-reacting with 
antibodies in the circulation and eliciting immune and antigenic responses (Jain et al., 2003). 
Furthermore, the small traces of PSA present in humans means PSA is not viewed as a 
foreign particle and the small traces of antibodies present in the circulation, especially against 
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α-2.8 structures are of low affinity, thereby limiting any immunological responses 
(Gregoriadis et al., 2000).  
1.4.2 Biosynthesis of sialic acid and PSA 
Polysialylation is a post-translational modification that occurs in the Golgi apparatus, 
catalysed by polysialyltransferase enzymes, PST (ST8Sia IV) and STX (ST8Sia II) as 
proteins progress through the secretory pathway. To understand the process of 
polysialylation, the biosynthesis of its monomer, sialic acid, needs to be addressed. Sialic 
acid, also known as neuraminic acid represents a family of aminosugars with over 50 
naturally occurring members and expressed as terminal nine carbon monosaccharides in 
many glycoproteins. The most common form of sialic acid in humans in Neu5Ac, first solved 
in 1960 by Saul Roseman’s laboratory (Du et al., 2009). 
The biosynthesis of sialic acid in mammalian cells is a multi-step process (Figure 1.11) 
starting with the hexosamine pathway which converts glucosamine-6-phospate to the 
nucleotide sugar, UDP-N-acetylglucosamine (UDP-GlcNAc). A small portion of this is 
converted into the dedicated precursor, N-acetyl D-mannosamine (ManNAc) in the cytosol 
by the bi-functional GNE enzyme, key for regulating sialic acid biosynthesis. Through a 
series of steps, ManNAc is converted to Neu5Ac in the cytosol and enters into the nucleus, 
where CMP-Neu5Ac is synthesized. This is later transported to the lumen on the Golgi where 
it is used by sialyltransferases to produce sialylated glycans. Polymerisation of these 
sialylated glycoproteins can occur in certain proteins such as NCAM, by  
polysiayltransferases, which are a specific types of sialyltransferases to produce long chains 
of α-2,8 linked sialic acid (Du et al., 2009). Mammalian neuraminidases can hydyolyse the 
glycans, releasing monomers of sialic acid which can be reused by other cells. In mammalian 
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cells, an excess of 50 sialic acid residues can be added (Galuska et al., 2006), whilst in 
bacteria  upto 150 molecules of sialic acid can build PSA (Bork et al., 2007).  
 
Figure 1.11: Overview of mammalian sialic acid metabolic pathway. (A) The hexosamine pathway 
which converts glucosamine-6-phosphate (GlcN-6P) to the nucleotide sugar UDP-GlcNAc, which is 
subsequently converted in to ManNAc by GNE enzyme. (B) ManNAc, the precursor for sialic acid 
biosynthesis produces Neu5Ac in the cytosol, which then enters the nucleus to synthesise CMP-
Neu5Ac. (C) The CMP-Neu5Ac is then transported into the lumen of the Golgi, where it is used by 
sialyltransferases to produce α2-3, α2-6 and α2-8 sialoglycoproteins or gangliosides. (D) Finally, the 
sialosides are recycled by one of four neuraminidases, regenerating sialic acid monomers that can be 
re-used by cells. Figure modified from Du et al., 2009. 
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1.4.3 Chemical conjugation of PSA 
Initial work on polysialylation to aid half-life extension began with the conjugation of 
bacterially derived PSA, known as colominic acid to protein therapeutics (Gregoriadis et al., 
1993). Chemical conjugation of PSA via the primary amine groups on the protein using 
reductive amination of the non-reducing end of the polymer showed therapeutic benefits with 
asparangine (Fernandes and Gregoriadis, 1997) and insulin (Jain et al., 2003) for the 
treatment of leukaemia and diabetes, respectively. In both cases, the benefits of conjugated 
PSA not only demonstrated an increase in circulating half-life, but also in protein stability as 
the conjugate displayed resistance to proteolysis and retained 80% bioactivity of the drug. 
Particularly with insulin, polysialylation enabled prolonged hypoglycaemic action (Jain et al., 
2003). Furthermore, a study investigating the immunogenicity of PSA was carried out using 
PSA conjugated asparagine. The study revealed that only the native enzyme elicited an 
immune response in mice, whilst the polysialylated asparagine did not, despite longer 
residence times, 3-4 fold greater than its non-polysialylated counterpart (Fernandes and 
Gregoriadis, 2001).  
Recent studies have also shown the success of chemically conjugating PSA (colominic acid) 
to recombinant antibody fragments to improve pharmacokinetics. The chemical conjugation 
of varying lengths of PSA to an anti-tumour Fab fragment increased the half-life from 9.6 
hours of the unmodified Fab fragment to 30.5 hours in a KB human tumour xenograft mouse 
model (Constantinou et al., 2008) resulting in a higher tumour uptake. A 5-fold increase in 
blood exposure and a 3-fold increase in tumour uptake were revealed when compared to its 
unmodified counterpart (Constantinou et al., 2008). Further extension of this work, however 
showed that conjugation of PSA to an scFv via random amine coupling to proteins improved 
pharmacokinetics by 4.8-fold  resulting in 15.2-fold increase in blood exposure in vivo but at 
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the cost of reducing drug bioactivity by 20-fold, since polymer attachment at lysine residues 
were occurring near or in the antigen binding sites (Constantinou et al., 2009). Subsequent 
work with site-specific, thiol-directed conjugation showed a more controlled polymer 
attachment at surface exposed thiol sites. This strategy retained antibody bioactivity and 
structural integrity as well as increased blood half-life, albeit lower than that of multiply 
substituted amine conjugates of 3.6-fold increase to 15.6 hours and a 9.8-fold increase in 
bioavailability. However, site-specific conjugation also revealed a more specific tumour 
uptake and up to 30-fold increase in tumour uptake was noticed by 48 hours (Constantinou et 
al., 2009) and revealed site-specific coupling was required to maintain scFv function.  
However, despite its success, the main limitation to this method is the long multi-step and 
low yielding synthesis. Therefore, in an attempt to further improve the method of attaching 
PSA to antibodies and potentially other proteins, investigations into a novel approach have 
been conducted, whereby recombinant antibodies are polysialylated by a human cell line 
expressing the enzyme polysialyltransferase (PST) responsible for the polysialylation of 
mammalian proteins (Chen et al., 2012a; Mendiratta et al., 2005). This recombinant 
polysialylation can potentially overcome some of the limitations of the chemical approach.  
1.4.4 Recombinant approach of PSA therapeutics 
Glyco-engineering of protein therapeutics has advanced drastically in the last decade and its 
application on a wide range of therapeutics has shown enhanced in vivo bioactivity and half-
life (Elliott et al., 2003). The carbohydrate chains of glycoproteins have gained considerable 
interest due to their importance in a wide array of biological processes, including molecular 
stability, solubility in vivo activity, serum half-life and immunogenicity (Sinclair and Elliott, 
2005). An example of successful glycoengineering includes the generation of a 
hyperglycosylated analogue of recombinant human erythropoietin to treat anemia associated 
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with chronic kidney disease, cancer and HIV (Elliott et al., 2003). Hyperglycosylation was 
achieved by introducing a new N-linked consensus sequence at desirable positions of the 
peptide backbone. Similarly, other examples of pharmaceutically relevant proteins whose 
half-lives have been increased by genetically induced hyperglycosylation include human 
alpha interferon (Ceaglio et al., 2008) useful for the treatment of a variety of human viral 
diseases. In other studies, glycosylated analogues of follicle stimulating hormone (FSH) have 
been generated displaying increased circulation times and improved bioactivity by 
introducing N-glycans through an N terminal extension (Perlman et al., 2003) or through a 
peptide linker (Weenen et al., 2004). This approach has since been applied to antibodies. 
Stork et al (Stork et al., 2008) demonstrated that the addition of N-glycosylation sites at the 
flanking linker sequences and the C-terminal extension of bispecific single-chain diabodies 
(scDb) prolonged half-life by ~2 fold, thereby improving bioavailability by 2-3 fold.  
In the case of PSA, until very recently, there have not been any studies describing the 
recombinant attachment of PSA. To overcome some of the limitations observed with 
chemical conjugation, Chen et al, investigated the potential of using NCAM to naturally 
polysialylate antibody fragments. Based on current knowledge of N-linked carbohydrates and 
the natural expression of PSA by NCAM, they developed a novel technology whereby 
mammalian HEK cells were transfected with PST enzymes to express genetically engineered 
antibody fusion proteins with NCAM domains (Chen et al., 2012a).  
Colley et al showed the minimal domains required for NCAM polysialylation were Ig5 and 
FN1 (see chapter 3). Ig5 carries the N-glycosylation sites at which sialic acid polymerization 
can occur in the presence of PST. This enzyme catalyses this reaction, but requires the 
presence of the FN1 domain to serve as a docking site. It is also thought to influence the PSA 
chain length by its affinity for the enzyme and is crucial for glycan arrangement  (Close et al., 
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2003). By taking these two NCAM domains and genetically fusing to the C-terminus of an 
antibody fragment, Chen et al, demonstrated the natural incorporation of PSA onto a 
therapeutic protein. The fused construct was transfected into mammalian HEK cells, 
engineered to express human PST to allow recombinant expression of polysialylated protein 
(Chen et al., 2012a). Initial work began with a scFv directed against the non-internalising 
carcinoembyonic antigen, CEA, discovered by Chester et al, 1994. MFE-23 was successfully 
polysialylated using the recombinant approach, confirmed by mass spectrometry to hold up to 
30-40 residues of sialic acid (Chen et al., 2012a). This construct not only retained its in vitro 
cell binding activity, it also showed improved pharmacokinetics and prolonged in vivo serum 
half-life by almost 30-fold, compared to the scFv alone, thereby increasing its bioavailability 
and subsequent tumour uptake (Chen et al., 2012a).  
The success of recombinant polysialylation of MFE-23 encouraged the use of this technology 
to apply it to a different scFv to highlight not only its versatility, but also to aid in 
determining the most suitable therapeutic target for this application. Thus, recombinant 
polysialylation was adapted to an anti-HER2 scFv, C6.5 (Chen et al., 2012a). Suprisingly, 
polsialylation of the anti-HER2 scFv inhibited receptor-mediated endocytosis of the HER2 
scFv (Chen et al., 2012a), compared to the non-polysialylated scFv which successfully 
internalized to inhibit its antigen (Kuimova et al., 2007). It is speculated that PSA may 
impede receptor dimerisation or repel membrane due to its bulky and negatively charged 
nature. Nonetheless, the technology so far has modeled its success of recombinantly 
polysialylating antibody fragments and prolonging in vivo half-life albeit, moderate in 
comparison to PEG (Constantinou et al., 2010; Weisser and Hall, 2009). To further this 
investigation, this study focusses on refining the current technology to better understand 
recombinant polysialylation of antibody therapeutics and applies to a therapeutic model, such 
as IL-6 to explore the ability of sialic acids to confer functional effects.  
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1.5 AIMS & OBJECTIVES: 
To further the development of recombinant PSA, the aim of this project was to develop and 
demonstrate the use of recombinant polysialylation to a therapeutic model, such as an 
inflammatory cytokine, IL-6. This investigation was split into two main components of 
refining the existing technology and application to a therapeutic target. The study comprised 
of the following: 
 Chapter 3: To refine the existing polysialylation technology to produce a minimal 
construct for better pharmacokinetics by developing a cleavable domain. This was 
carried out by constructing a cleavable fusion, whereby a protease recognition site 
was incorporated between the two NCAM domains to induce cleavage of the 
downstream FN1 domain which is redundant following polysialylation of the 
antibody fusion. 
 Chapter 4: To characterize a therapeutic target, such as IL-6 to exemplify the 
therapeutic benefits of blocking this cytokine which is expressed by many cancers, 
with particular focus on prostate models.   
 Chapter 5: The chapter was mainly focused on applying the recombinant   
polysialylation technology to antibody fragments identified in the previous chapter to 
target soluble human IL-6.  Preliminary pharmacokinetic studies were also be carried 
out to show improved blood half-lives.  
 Chapter 6: To test the functional efficacy of the polysialylated anti-IL-6 antibody 
constructs in vitro. IL-6 dependent TF-1 cells were exploited to show a functional 
effect and display inhibitory activities.  
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CHAPTER 2  
MATERIALS & METHODS 
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2.1 MATERIALS  
2.1.1 BUFFERS & SOLUTIONS 
Where necessary, solutions were degassed with nitrogen gas and filter sterilised through a 
0.2µm vacuum filtration device (Helena Biosciences).  
Buffer Composition 
Anion exchange running buffer 100 mM Tris-HCl pH 7.4 
Anion exchange high salt elution buffer 100 mM Tris-HCl + 1 M NaCl pH 7.4 
Bacterial pellet lysis buffer 50 mM Tris-HCl, 1 mM EDTA, 1% Tween-20,     
1 mM DTT, 2µl benzonanse, 1x protease inhibitor 
cocktail tablet pH 7.5 
Bacterial Periplasm Extraction Buffer 500 mM Sucrose, 100 mM Tris-HCl, 1 mM EDTA 
in dH20. pH 8.0 
Coomassie brilliant blue staining 
solution 
10% (v/v) acetic acid, 40% (v/v) methanol, 0.25% 
(w/v) coomassie brilliant blue R-250 
Destain solution 10% (v/v) acetic acid, 40% (v/v) methanol 
DIG glycan buffer 1: 1 mM MgCl2, 1 mM MnCl2, 1 mM CaCl2 in TBS, 
pH 7.5 
DIG glycan buffer 2: 0.1 M Tris-HCl, 0.05 M MgCl2, 0.1 M NaCl in 
dH2O pH 9.5 
Distilled water (dH20)  
(Purite Select System) 
- 
FACS running buffer 2% FBS, 1 mM EDTA in PBS 
Factor Xa reaction buffer 20 mM Tris-HCl, 50 mM NaCl, 1 mM CaCl2        
pH 7.5 
IL-6 1
o 
Refolding buffer 50 mM Tris-HCl, 1 M GdnHCl, 2 mM reduced L-
glutathione, 0.2 mM oxidised L-glutathione pH 8.6 
IL-6 2
o 
Refolding buffer 10% glycerol, 50 mM Tris-HCl pH 8.9 
IL-6 solubilisation buffer 6 M Guanidinium Hydrochloride, 50 mM Tris-HCl 
pH 8.0 
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Imidazole elution buffer 200 mM or 250 mM Imidazole in PBS 
Laemmli (SDS-sample) buffer 
 
6 x stock: 375 mM Tris-HCl (pH6.8), 9% SDS. 
50% glycerol, 9% β-mercaptoethanol, 0.03% 
Bromophenol blue made up with dH2O. 
Nitrocellulose blocking buffer 3 or 5% Marvel
®
 in PBS/TBS pH 7.4 
Nuclease-free dH20 (Fermentas) - 
PAGE running buffer 3.03 g Tris-Base, 14.4g glycine, 1g sodium 
dodecyl sulphate (SDS) made to a final 1L volume 
with distilled water. 
Phosphate buffered saline (PBS) 140 mM NaCl, 3 mM KCl, 2 mM KH2PO4, 10 mM 
Na2HPO4 
PBS-Tween 0.01% Tween-20, PBS 
Semi-dry PAGE transfer buffer 5.8 g Tris-Base, 3 g glycine 0.4 g SDS, 200 ml 
methanol made to a final 1L volume with dH2O. 
Tris-acetate EDTA buffer (TAE) 
 
50 x stock: 242 g Tris base, 57.1 ml glacial acetic 
acid, 100 ml 0.5 M EDTA pH8.0 made to a final   
1 L volume with distilled water. 
Tris buffered saline (TBS) 200 mM Tris-HCl, 1 M NaCl pH7.4 
10 x TG buffer 60.4 g Trizma-base, 376 g glycine made up to 2 L 
with dH2O 
 
2.1.2 Polyacrylamide Gel Electrophoresis (PAGE) 
Resolving gel: ProtoGel
®
 (National Diagnostics) bis-acrylamide  
APS: ammonium persulphate  
TEMED: N,N,N’,N-Tetramethylethylenediamine 
Gel dH20 Tris-HCl 
(pH8.8) 
ProtoGel
®
 10% SDS 10% APS TEMED 
7% 5 ml 2.5 2.3 100 µl 100 µl 5 µl 
12% 3.3 ml 2.5 4 100 µl 100 µl 5 µl 
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PAGE Stacking gel 
Gel dH20 Tris-HCl 
(pH6.8) 
ProtoGel
®
 10% SDS 10% APS TEMED 
7% 3 ml 0.5 ml 0.5 ml 40 µl 40 µl 4 µl 
 
Markers 
Hyperladder I
TM
 (Bioline) 
Hyperladder IV
TM
 (Bioline) 
PageRuler
™ 
Prestained Protein Ladder (Fermentas)  
PageRuler™ Prestained Protein Ladder Plus (Fermentas) 
 
2.1.3 Bacterial Strains & Culture Media 
Strains Genotype 
XL1-Blue (Stratagene) F’proAB lacIqZ∆M15 tn10 (Tetr) 
BL21 (λDE3) (Novagen™) F-, ompT, hsdSB, (rB, mB
-
), dcm gal, (λDE3) 
BL21 (DE3) pLysE strain  
(gift from Rose-John) 
F-, ompT, hsdSB, (rB, mB
-), dcm gal, (DE3) pLysE (CamR) 
HB2151 (GE Healthcare) nal r thi-1 ara ∆ (lac-proAB) F’(proAB+, lacIq, Z∆M15) 
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Bacterial Culture Media 
Media Composition 
2TY 16 g Tryptone, 10 g Yeast, 5 g NaCl 
2TY-Agar 16 g Tryptone, 10 g Yeast, 5 g NaCl, 15 g 
Agar 
2.1.4 Plasmids 
pRSET A,B, C (Invitrogen) 
pUC119 (gift from Prof J. Marks, UCSD 
pUC119 SfiI/ NotI, myc-His 
pHEN-2 (gift from Dr. Hodgenboom) 
pMK-T (GeneArt) 
pcDNA™4/to/myc-His A,B, C (Invitrogen) 
Antibiotics 
Antibiotics Use 
Ampicillin (Sigma) 100 µg/ml 
Kanamycin (Sigma) 100 µg/ml 
 
2.1.5 Mammalian Cell lines & Culture Media 
Cell Line Origin 
HEK - 293 (gifted from Dr. D. Mann, Imperial College) Human embryonic kidney 
HEK - 293 (co-transfected with PST) (gifted from Dr. 
C. Chen, Imperial College) 
Human embryonic kidney 
PC3-P (gifted from Dr. S. Fraser, Imperial College) Human prostate cancer 
PC3-M (gifted from Dr. S. Fraser, Imperial College)  Highly metastatic human prostate 
cancer 
LnCAPs (gifted from Dr. S. Fraser, Imperial College) Human prostate adenocarcinoma 
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PNT2-C2 (gifted from Dr. S. Fraser, Imperial College) Non-tumourogenic human prostate 
DU145 (gifted from Dr. S. Fraser, Imperial College) Human prostate cancer 
TF-1 (ECACC) Human eythroleukaemia 
Mammalian Culture Media 
Media Use 
DMEM (PAA), 10% heat-inactivated fetal bovine serum (FBS) 
(Invitrogen), 1% penicillin-streptomycin (Invitrogen) 
HEK+PST cells 
CD-293 (PAA), 2mM L-glutamine (Invitrogen) HEK+PST cells – protein 
expression 
RPMI-1640 +/- phenol-red (Sigma), 10% FBS, 1% penicillin-
streptomycin (Invitrogen) 
Prostate cell lines 
RPMI-1640 (Sigma), 10% FBS, 2mM L-Glutamine (Invitrogen), 1% 
Sodium pyruvate (Sigma), 2ng/ml Human Granulocyte-Macrophage 
Colony-Stimulating Factor (GM-CSF) (Sigma) 
TF-1 cells 
Dulbecco’s PBS (1x) (PAA) For washing cells 
Zeocin (Melford)  100 mg/ml stock in dH2O, 
filter sterilised 
G418 (PAA)  50 mg/ml stock in dH2O 
Valproic acid (Sigma)  100 mM stock in dH2O 
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2.1.6 Molecular Biology Enzymes and PCR primers 
Enzymes: All enzymes were supplied with their respective reaction buffers.  
Enzymes 
Restriction endonucleases (Fermentas) 
Taq DNA polymerase (Fermentas) 
PFU-Turbo DNA polymerase (Stratagene) 
DNA Ligase (New England Biolabs) 
 
Primers: All primers were designed in-house and ordered from Thermo Fisher Scientific 
(100pmol/µl stock) 
Primer Sequence (5’-3’) (restriction sites highlighted) Tm (oC) 
LS Fwd (Hind III) ACT AAG CTT ATG CTG CAA ACT AAG GAT CTC ATC 
TGG 
61.9 
MFE-Ig5 Rev 
(Xho I) 
GGC CTC GAG TTC CAA GGA CTC CTG 63.0 
Ig5-FN1(Xa) Fwd 
(Not I) 
GCA GCG GCC GCA TAT GCC CCA AAG CTA CAG GGC 
CCT GTG GCT GTG 
72.3 
Ig5-FN1(Xa) Rev 
(Xcm I) 
TGG CTC CAC CTG GTC GAT GGA TGG TGA AGA GGG 
GGT GTC TGC TCT GCC CTC GAT GAA TTC CAA GGA 
CTC 
73.8 
LS-H1 Fwd ATG AAA TAC CTA TTG CCT ACG GCA GCC GC 63.8 
LS-H1 Rev (Xho I) TTG TTC CTC GAG TGC GGC CGC ACC TAG GAC G 70.2 
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Primers used for DNA sequencing 
Primer Sequence (5’-3’) Tm (oC) 
CMV Fwd CGC AAA TGG GCG GTA GGC GTG 65.8 
BGH Rev TAG AAG GCA CAG TCG AGG 45.4 
MFE - Intermediate GCC GTC TAT TAT TGT AAT 36.3 
Ig5 Fwd AAT CTT GCT TCT GGT GTT CCT GCT CG 60.0 
 
2.1.7 Immunological Detection: Antibodies & Antigens used for immunodetection  
Antibody Use 
Anti-His HRPO (Sigma) Mouse IgG2a, detects 6xHis tags, HRPO 
conjugated. Dilution 1:5000 
Anti-c-Myc (Sigma) Mouse IgG1, detects c-Myc tag. Dilution 
1:5000 
Anti-NCAM [123C3] (Abcam) Mouse IgG1 detects an NCAM epitope 
between exons 11-13 (first fibronectin type 
III domain). 
Dilution 1:1000 
Anti-PSA/NCAM (12F8) (BD) Rat IgM detects PSA (n>7) on NCAM. 
Dilution (1:1000) 
 
Anti-MFE (Prof. K. Chester, UCL) Rabbit α-sera. Dilution: 1:1000 
Anti-V5 (AbD Serotec) Mouse IgG2a, detects V5 tag 
Mouse Anti-human IL-6 (mAb206) (R&D) Mouse IgG1, specificity for human IL-6. 
Goat Anti-Mouse IgG-HRP (Fc specific) 
(Sigma) 
Polyclonal goat IgG recognising Fc portion 
of mouse IgG. Conjugated to HRPO. 
Dilution 1:5000 
Goat Anti-Rat IgM-HRPO (Pierce) Polyclonal goat IgG recognising the µ-chain 
of rat IgM. Dilution 1:5000 
Goat Anti-Mouse IgG-FITC (Fc specific) 
(Sigma) 
 
Goat IgG, FITC conjugated. Dilution 1:200 
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Goat Anti-Human IgG-HRPO (Fc specific) 
(Sigma) 
Goat IgG binding to human IgG. HRPO 
conjugated. Dilution 1:5000 
Streptavidin-HRPO (Jackson Immuno 
Research) 
Dilution 1:1000 
Anti-Rabbit –HRPO (Sigma) Dilution (1:5000) 
 
Antigen Use 
NA-1 (Prof. Kerry Chester, UCL) Expressed in Pichia Pastoris. Binds to MFE-23 
scFv subdomain of CEA 
Human IL-6 (Invitrogen) Expressed in E. coli. 100 µg/ml stock 
 
2.1.8 Glycosidase  
Glycosidase Source Functional specificity 
Endoneuraminidase-N (Endo-N) 
(AbCys) 
Phage K1 Cleaves α2-8 linked sialic acid residues 
with minimum length of 7-9 residues 
Acetyl-neuraminyl hydrolase 
(Exo-N) (NEB) 
Clostridium 
perfringens 
Catalyses hydrolysis of α2-3 or α2-6 
linked N-acetyl-neuraminic acid residues 
N-Glycosidase F (PNGase F) 
(NEB) 
Flavobacterium 
meningosepticum 
Amidase cleaves between the innermost 
GlcNAc and asparagine residue of N-
linked glycoproteins 
 
Lectin Sugar linkage Glycoprotein control 
SNA 
(Sambucus nigra agglutinin) 
α2-6 sialic acid linked to 
galactose 
Transferrin 
MAA 
(Maackia amurensis agglutinin) 
α2-3 sialic acid linked to 
galactose 
Fetuin 
DSA 
(Datura stramonium agglutinin) 
Galactose-β(1-4)-N-
acetylglucosamine 
Fetuin 
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PNA 
(Peanut agglutinin) 
Galactose-β(1-3)-N-
acetylgalactosamine 
Asialofetuin 
 
2.1.9 Chemotherapy drugs 
Drug Use 
Etoposide (Sigma) See results sections 
Doxorubicin (Sigma) See results sections 
 
2.1.10 Other Reagents 
Reagent Use 
Avidin (Sigma) Stock 1mg/ml. Dilution 1:50 
BM-Blue POD Substrate (Roche) 3,3’-5’,5- Tetramethylbenzidine (TMB),  ready 
to use solution 
ECL Kit (GE Healthcare) Chemiluminescent western blot detection kit 
Coomassie Protein assay reagent 
(ThermoFisher Scientific) 
Coomassie blue G-250 based reagent. Used in 
Bradford Protein asay 
BCA™ Protein Assay Kit 
(Pierce, Thermo Scientific) 
Bicinchoninic acid (BCA) colorimetric and 
quantification of protein 
EZ-Link Sulfo-NHS-LC-LC-Biotin 
(Pierce, Thermo Scientific) 
Biotinylation reagent  
 
CellTiter 96® AQueous One Solution Cell 
Proliferation Assay (MTS) (Promega) 
Colometric assay for determining cell 
proliferation 
Factor Xa Protease (NEB) 1 mg/ml stock. Follow manufacturer’s protocol 
Human IL-6 Immunoassay  
Quantikine
®
 ELISA (R&D) 
Detection of endogenous IL-6 
Propidium Iodide Nucleic Acid Stain Binds to DNA. Used in flow cytometry.  
Stock 1 mg/ml 
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Iodine
125
 (as NaI salt) Radioactive I
125
 used for in vivo 
pharmacokinetics 
Human IL-6 Receptor (Sigma) Expressed in HEK-293 cells 
DEAE Sepharose Anion exchange for IL-6 
Talon
®
 For use in immobilised metal affinity 
chromatography (IMAC). Binds to Poly-His 
tagged proteins 
Qiaprep Spin Mini-/Midi-prep Kit 
(Qiagen) 
DNA purification 
MFE-23 scFv Antibody ( Prof. K. Chester, 
UCL) 
Expressed in E. coli. Prepared in-house 
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2.2 Methodologies 
2.2.1 Molecular Biology Techniques  
2.2.1.1 Plasmid DNA Purification 
Plasmid DNA was isolated and purified from 10 ml bacterial overnight cultures of 2TY 
media containing carbenicillin (100 µg/ml) and 1% glucose using Qiaprep Mini- or Midi- 
prep Kits (Qiagen). The bacteria were pelleted by centrifugation at 2800 g for 10 minutes at 4 
oC. The pellets were then lysed and DNA purified according to the manufacturer’s protocol. 
Typically, DNA was eluted with nuclease-free dH2O. 
2.2.1.2 DNA concentration determination 
Plasmid DNA was quantified using a NanoDrop™ 1000 (Thermo Scientific) 
spectrophotometer. This allowed the concentration and purity of the DNA to be determined 
by measuring the absorption at wavelength of 260 and 280 nm. A 260 nm/280 nm ratio of ≥ 
1.7 is pure.                                                                                                                    
2.2.1.3 Polymerase Chain Reaction (PCR) 
Primers were designed to amplify the scFvs and their subsequent NCAM fusions using 
polymerase chain reaction (PCR). The primers were designed to include the NCAM leader 
sequence and to incorporate restriction sites for recombinant sub-cloning.  
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The PCR mix typically consisted of:                                                                                                                                                                                                                                                                                                                                                             
Template vector    (50 ng) 
Oligonucleotide Primer (Fwd)  (10 pmoles/µl) 
Oligonucleotide Primer (Rev)  (10 pmoles/µl) 
10 x Reaction buffer + (NH4)2SO4(Fermentas)   
DNA Taq polymerase (Fermentas)  (5 units/ µl) 
dNTP mix     (2.5 mM) 
MgCl2      (25 mM) 
Nuckease free dH2O                                       (to a final vol of 25 µl) 
 
The optimal cycling conditions for each construct were standardised. Typical condtions for 
gene amplification were: 
Step No. of cycles Temperature (
o
C) Time  
0 - 100 (Hot lid) 
1 1 95 3 mins (hot start) 
2 35 95 50 secs (denaturation) 
3 35 Determined according to each 
primer 
45 secs (annealing) 
4 35 72 2 mins (extension) 
5 1 72 10 mins (final extension) 
6 1 4 (Held until required) 
Table 2-1: PCR cycling conditions for gene amplification 
 
DNA annealing conditions were determined by oligonucleotide theoretical Tm values. The 
optimal conditions were determined by temperature gradient PCR, carried out using 
Mastercycler
®
 gradient (Eppendorf).  
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2.2.1.4 Agarose Gel Electrophoresis 
DNA samples were visualised using agarose gel electrophoresis. 1% Agarose gels were made 
with 1 x TAE buffer, supplemented with ethidium bromide (1 µg/ml final concentration). 
DNA samples were prepared by mixing with 6 x DNA loading buffer and added to each well. 
DNA molecular weight ladders (Bioline) were also run alongside the samples to approximate 
the size and amount of the DNA bands observed. The gels were submerged in 1 x TAE buffer 
and run at 100 V for ~30 minutes and visualised under UV light by using either a UV 
transilluminator or FujiFilm LAS-3000 CCD imaging system.  
2.2.1.5 Agarose Gel DNA Extraction 
DNA fragments were isolated from agarose gels and purified using QIAquick gel extraction 
kits (QIAGEN) according to manufacturer’s protocol. DNA fragments of interest were 
excised from agarose gels, melted and dissolved in solubilisation buffer and DNA was 
isolated using a silica-based spin column. DNA was eluted in nuclease free dH2O and stored 
at -20 
o
C. 
2.2.1.6 Enzymatic Restriction Digestion 
Typical restriction enzyme digestions were carried out according to the manufacturer’s 
instructions. Each construct was optimised to achieve maximum digestion for subsequent 
sub-cloning. All enzyme reactions were carried out overnight at 37 
o
C and the reaction 
mixtures were composed of: 
QIAGEN prepared DNA   (0.5 µg) 
Restriction enzymes (Fermentas or NEB) (10  units/enzyme) 
10 x Reaction buffer (Fermentas or NEB) 
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Nuclease free dH2O    (to a final volume of 20 µl) 
 
The various NCAM fusions were constructed by sequential digestions. The following table 
illustrates the conditions for the double digestions: 
Constructs Enzyme Pairs Buffer 
LS-scFv-Ig5 Hind III / Xho I Buffer R (Fermantas) 
LS-scFv-Ig5-FN1 (Xa)* Not I / Xcm I Buffer 2 (NEB) / Buffer O 
(Fermentas) (Sequnetial digest) 
LS-scFv Pci I (or Nco I) / Xho I Buffer Tango (Fermentas) 
LS-scFv-FN1 Pci I (or Nco I) / Not I 
Hind III / Not I 
Buffer O (Fermentas) 
Buffer R (Fermentas) LS-scFv-Ig5-FN1 
 * For the incorporated Factor Xa cleavage site (IEGR) PCR products were sequentially 
digested with Not I then Xcm I with a PCR cleanup step in between. Following digestion, a 
fast alkaline phosphatase (Fermentas) 2.5 µl incubation for 1 hour at 37 
o
C was carried out 
and the sample was heat inactivated for 20 minutes at 37 
o
C. 
 
2.2.1.7 DNA Ligation 
Typical ligation reactions consisted of: 
Vector DNA    (100 ng) 
Insert DNA    (vector to insert DNA molar ratios of 1:1 and 1:3) 
10 x Ligase reaction buffer   (Fermentas) 
T4 DNA Ligase (Fermentas)   (0.1 units) 
Nuckease free dH2O                (to a final vol of 20 µl) 
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The reaction mixture was then subjected to the following incubations to allow successful 
ligations: 
Ligate at    22 
o
C/ 30 minutes 
      16 
o
C/ 30 minutes 
Heat inactivate at  65 
o
C/ 15 minutes 
Incubate     4 
o
C / until required 
 
Ligation mixtures were subsequently transformed into chemically competent cells using the 
heat-shock transformation procedure (See section 1.2.2)  
2.2.1.8 DNA Sequencing 
Positive DNA clones were sequenced using MWG Sequencing services 
(http://www.eurofinsdna.com/home.html) according to manufacturer’s instructions. Data was 
visualised using ChromasPro 1.41. DNA alignment was achieved using National Centre for 
Biotechnology Information (NCBI), nucleotide BLAST services 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).  
2.2.2 Bacterial Microbiology Techniques 
2.2.2.1 Production of Chemically Competent Cells 
Single colonies were picked and inoculated in 10 ml 2TY media and incubated overnight at 
37 
o
C with shaking at 250 rpm (Hettich Rotina 46R). The following day, 1 ml of overnight 
culture was used to inoculate 100 ml 2TY media and further incubated at 37 
o
C. Once the 
OD600nm had reached 0.4 - 0.8, the culture was split into two 50 ml falcons and left on ice for 
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30 minutes. Having centrifuged the samples at 1500 g for 10 minutes, the pellet was re-
suspended in 50 ml ice-cold 100 mM CaCl2 and left on ice for a further 30 minutes. Again, 
the sample was centrifuged at 1100 g for 10 minutes and the pellet resuspended in 3 ml ice-
cold 100mM CaCl2/10% glycerol and kept on ice for a further 10 minutes, after which the 
cells were divided into 100 ml aliquots and stored at -80 
o
C. 
2.2.2.2 Transformation of Chemically Competent Cells 
Between 10- 100 ng of DNA was added to a 50 µl aliquot of competent cells. The mixture 
was left on ice for 30 minutes, heat-shocked at 42 
o
C for 1 minute using a water-bath and 
placed back on ice for a further 2 minutes. Pre-warmed (37 
o
C) SOC media (1 ml) was added 
to the cells and incubated for an hour at 37 
o
C, with shaking (250 rpm, Hettich Rotina 46R). 
Samples were spread onto 2TY-Agar plates containing the appropriate antibiotic (0.1 mg/ml 
carbenicillin or kanamycin, depending on the vector used) and left to incubate at 37 
o
C 
overnight to allow formation of single colonies. 
 
2.2.2.3 Bacterial Storage 
To make bacterial stocks, cell cultures were spun at 2800 g for 10 minutes and the pellet 
resuspended in 2TY media containing 10% glycerol. One ml aliquots were made and stored 
at -80 
o
C. Frozen bacterial stocks were revived by either streaking onto 2TY Agar plates to 
allow single colony formation or by inoculating 2TY media for mini prep DNA isolation.   
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2.2.3 Bacterial Protein Expression & Purification 
2.2.3.1 Protein Expression 
Bacterial protein expression of the scFvs and IL-6 antigen was achieved by inoculating 10 ml 
2TY media containing 0.1 mg/ml antibiotic with freshly picked bacterial colonies. These 
were left to incubate overnight at 37 
o
C, with shaking (250 rpm). The overnight starter culture 
was then spun at 1500 g for 5 minutes, resuspended in fresh 2TY media and used to inoculate 
a larger volume of 2TY media (1:100 dilution) containing the appropriate antibiotics (0.1 
mg/ml). The cell cultures were left to incubate at 37 
o
C with shaking (250 rpm) until an 
OD600nm of 0.8-1.0 was reached. The cell cultures were then induced with 1mM IPTG and left 
to incubate overnight at 30
o
C, 250 rpm to allow protein expression (Hettich Rotina 46R). 
2.2.3.2 Protein Solubilisation from Inclusion bodies and Refolding 
After inducing bacterial expression to a final concentration of 0.4 mM, cells were harvested 
by centrifugation and resuspended in pre-chilled lysis buffer (50 mM Tris/HCl pH7.5, 1 mM 
EDTA, 1% Tween-20, 1 mM DTT, 2 µl benzonase and 1 x protease inhibitor cocktail tablet 
(Roche). The cell inclusion bodies were disrupted by passing twice through French Press and 
collected by centrifugation at 25,000g for 30 minutes at 4
o
C. The cell pellet was further 
solubilized in 6 M GdnHCl in 50 mM Tris/HCl pH8.0 by stirring overnight at 4
o
C. Following 
a further centrifugation step at 100,000g for 50 minutes the extracted proteins were dialysed 
overnight against 50 mM Tris/HCl pH8.0, 1 M GdnHCl, 2mM reduced glutathione and 0.2 
mM oxidized glutathione at a final concentration of 0.4mg/ml. A final dialysis against 50 mM 
Tris/HCl pH 8.9, 10% glycerol followed.  
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2.2.3.3 Protein Purification from Culture Supernatant 
Following heat-shock transformation of DNA into chemically competent HB2151 cells, a 
single colony was picked to inoculate 10 ml 2TY medium containing glucose (1%) and 
carbenicillin (0.1 mg/ml) and grown overnight at 37
o
C with agitation. The following day, the 
culture was spun at 1500 g, 5 minutes and the pellet resuspended in 2TY media, of which 5 
ml was used to inoculate 500 ml media containing carbenicillin (0.1 mg/ml) for large-scale 
protein expression. The cells were left to grow at 37 
o
C with shaking (250 rpm) until an O.D 
of 0.8-1.0 was obtained (Hettich Rotina 46R). To induce protein expression, IPTG (1 mM) 
was added. Following an overnight incubation at 30
o
C, the culture was centrifuged twice at 
4400 g for 20 minutes to ensure removal of cellular debris. The supernatant was collected and 
maintained with EDTA-free protease inhibitor (Roche) in 0.01% azide to prevent protein 
degradation. To facilitate protein purification, the supernatant was concentrated using VIVA 
FLOW and dialysed with PBS to a final volume of 100 ml.  
2.2.3.4 Protein Purification from Bacterial Periplasm 
To enhance the extraction of soluble protein, the bacterial pellet obtained from cell culture 
centrifugation was subjected to cold periplasmic extraction buffer (1/10 of original culture 
volume) to allow the extraction of soluble protein from the bacterial periplasm. The 
extraction buffer was supplemented with a protease inhibitor cocktail tablet and 1 µl 
benzonase and vortexed every 5 minutes for 10 seconds at 4 
o
C for a total of 40 minutes. The 
pellet was then centrifuged at 19,500 g for 30 minutes at 4 
o
C before the supernatant was 
collected dialysed for purification.  
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2.2.4 Tissue Culture Methodologies 
2.2.4.1 Cell Growth & Maintenance 
HEK-293 cells were grown to 80% confluency in 75 cm
3
 flasks with ~10 ml DMEM 
containing glucose (45 g/L), heat-inactivated FBS (10%) and penicillin-streptomycin 
antibiotics (1%).  
The erythroleukemic TF-1 blood cell line was obtained from Sigma and cultured in RPMI-
1640 medium containing 10% FBS, 2 mM L-Glutamine, 1% Sodium pyruvate and 
supplemented with 2ng/ml hGM-CSF. 
The human prostate cell line PNT2-C2 and metastatic prostate cell lines DU145, LnCAPs, 
PC3 and a highly metastatic variant, PC3-M were maintained in RPMI-140 supplemented 
with 10% FBS and 1% penicillin-streptomycin antibiotics. 
All cell cultures were incubated at 37 
o
C with 5% CO2. Adherent cells were passaged using 
trypsin (0.05% Trypsin, 0.53mM EDTA, Invitrogen) incubation for several minutes until cell 
dislodging was visible. Cells were then diluted in appropriate culture media for re-seeding.  
2.2.4.2 Cell Counting 
Cells were collected and spun at 1500 rpm for 3 minutes. The cell pellet was then 
resuspended in 1 ml culture media of which 90 µl was added to 10 µl Trypan Blue solution. 
Approximately 20 µl of the mixture was added to a Neubauer haemocytometer for cell 
counting. Viable cells appeared white under the microscope whilst, dead cells were dyed 
blue. The number of viable cells in each of the four big squares were counted and averaged 
and the total number of cells per millilitre was calculated using the following equation:  
Number of viable cells/ml = (N/4) x 104 
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2.2.4.3 Cell Storage 
Stocks of all cell cultures were stored at -80 
o
C and/or liquid nitrogen. Cells were grown in 
appropriate media cultures to ~75% confluency before washing and trypsining to collect the 
cells. Cell cultures were pelleted by centrifugation at 1500 rpm for 3 minutes before 
resuspending in 10% DMSO in FBS. 1 ml aliquots were initially stored overnight in 
isopropanol filled Nalgene
®
 Mr Frosty
® 
Cryo freezing containers (Thermo Scientific) before 
long term storage at -80 
o
C or liquid nitrogen. 
2.2.4.4 IL-6 Detection Assay 
Prostate cell lines were analysed for their IL-6 secretion using an IL-6 Quantikine Assay Kit. 
Cell lines were grown in normal culture media for 48 hours and the media collected thereafter 
and subjected to the assay, according to the manufacturer’s instructions. Briefly, the assay 
composed of ELISA plates coated with mouse anti-IL-6 antibody. The sample media was 
spun to remove cellular debris and appropriately diluted with media before adding to the 
wells for binding to occur. The IL-6 was detected with an IL-6 polyclonal antibody and a 
subsequent HRPO substrate. The absorbance at 450nm was measured and quantified against 
an IL-6 standard.  
2.2.4.5 Determining Cell Proliferation (MTS) 
The number of viable cells in proliferation was determined using CellTiter 96® Aqueous One 
Solution Cell Proliferation Assay according to manufacturer’s protocol. This method relies on 
the colorimetric analysis of the reduction of the MTS compound into a coloured formazan 
product by cells in culture media. The solution is incubated with the cells for 1-4 hours and 
the absorbance at 490 nm measured.   
This method was applied to 2 cells lines (1) PC-3 and (2) TF-1. 
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(1) Upon calibration, the adherent PC3 cells (2.5 x 103) were cultured in cell culture 
media for 48 hours, after which this was replaced with phenol-red free media to allow 
colorimetric readings. After 48 hour incubation with varying antibody treatments, 20 
µl MTS reagent was added to the cells, incubated at 37oC for a further 2 hours before 
absorbance at 490 nm was read.  
(2) The non-adherent TF-1 cells were collected by centrifugation at 1500 rpm for 3 
minutes and resuspended in the appropriate culture media. TF-1 cells were initially 
washed thrice with hGM-CSF free media before plating (2.5 x 10
5
 cells / well in a 
total of 100 µl). A 24 hour growth factor-starved incubation was conducted to remove 
any remnants of the hGM-CSF growth factor. The media was then replaced and 
supplemented with the appropriate amount of IL-6 (ng/ml) and/or antibody treatments 
and MTS readings carried out. 
To determine the effects of chemotherapy on the prostate cell lines, varying concentrations of 
chemotherapy drugs (doxorubicin and etoposide) were added in combination to the 
antibodies and absorbance measured as described above. 
2.2.4.6 Determining Cell Cycle Progression using Flourescence Activated Cell Sorting 
(FACS) 
Both prostate (PC-3) and erythroleukaemic (TF-1) cells were analysed using flow cytometry 
to determine their cell cycle progression upon antibody and/or chemotherapy treatment. 2 x 
10
5
 cells were plated in 6-well tissue culture plates (NUNC, VWR) and subjected to the same 
treatments as described above (MTS, section 1.4.5).  
Cells were stained with BrdU (Invitrogen), a thymidine analog which is incorporated into 
DNA during the synthesis-phase of the cell cycle, thereby serving as a marker for 
86 
 
proliferation. 25 µM BrdU was added to the cell cultures at the time of treatment. After 48 
hours, cells were collected and centrifuged at 1000 rpm for 5 minutes. Cells were then 
washed with 1 x PBS, spun again and fixed with 70% ethanol in PBS for 1 hour at 4 
o
C. 
Another centrifugation at 2500 rpm for 3 minutes followed before incubation with freshly 
prepared acidic buffer (2 M HCl, 0.5% Triton-X-100, 1 ml) for 30 minutes at room 
temperature. Cells were spun again at 2500rpm, 3 minutes and 1ml neutralising buffer (0.1 M 
Tris, pH 8.0) added dropwise before another spin. The pellet was resuspended in 1ml 
blocking buffer (1% BSA, 0.5% Tween-20, PBS) and centrifuged again at 2500 rpm, 3 
minutes. Cells were then resuspended directly in 20 µl anti-BrdU-FITC and left to incubate at 
room temperature for 1 hour in darkness. Another 2 steps of blocking followed (500 µl, 2500 
rpm, 3 mins) before cells were stained with Propidium Iodide (0.3 ml of 50 µg/ml in PBS), 
which binds to DNA and indicates the total number of cells in each phase of the cell cycle. 
The fluorescence of each sample was detected using a dual laser 4 colour Becton Dickinson 
FACSCalibur analyser linked with Cellquest software and the data analysed using FlowJo
®
 
analysis programme. Briefly, 10,000 events per sample were acquired using appropriate 
gates. The main cell populations were gated by forward light scatter versus side light scatter 
dual parameter plot. Cell aggregates and debris were omitted by dot plotting the PI 
fluorescence pulse width (FL2-W) and area (FL2-A). When appropriate, cells with 
fragmented DNA that may be undergoing cell death were included in the analysis. Cell cycle 
profiles were analysed by plotting FITC-fluorescence against PI fluorescence. BrdU positive 
cells were scored as the population of cells with FITC-fluorescence higher than that of the G1 
population. 
 
87 
 
2.2.5 Mammalian Protein Expression & Purification 
2.2.5.1 Identifying Stable cell line for Protein Expression using FACS 
Intracellular staining of the HEK cells co-transfected with PST was achieved by fixing the 
cells with 2% Paraformaldehyde in PBS for 10 minutes at room temperature before 
permeabilising with 0.5% saponin. This staining method allowed for the detection of the PST 
enzyme using mouse anti-V5 antibodies (1:100) targeted against the V5 tag present on PST.  
The fluorescence of the anti-mouse IgG-FITC was carried out using a dual laser 4 colour 
Becton Dickinson FACSCalibur analyser linked with Cellquest software (FITC setting).  
2.2.5.2 Cell culture Transfection for Stable Protein Expression 
Stablly transfected HEK-293 cells with PST by Chen Chen (2.5x10
6
) (Chen et al., 2012a) 
were cultured in 100 mm petri dishes overnight at 37 
o
C to achieve 60-80% confluency 
before transfection. The constructs present in pCDNA4a (10 µg) were transfected using 
Fugene HD Transfection Reagent, in a 1:4 DNA to reagent ratio, according to the 
manufacturer’s protocol.  
2.2.5.3 Selection of Stable Cell Line  
Transfected stable cells were selected using zeocin and G418 sulphate solution. Following 
transfection, the cells were collected and seeded into 5 different cell dilutions (0.1, 0.25, 0.5, 
1 & 2) with untransfected cells in normal cell culture media to ~40% confluency. The 
concentration of zeocin was gradually reduced from 1mg/ml to 0.25 mg/ml to select plasmid 
DNA containing zeocin or neomycin resitance. Stable cell lines were maintained with 0.25 
mg/ml zeocin. G418 sulphate solution was also added to maintain the PST transgene at a final 
concentration of 0.25 mg/ml. Typically, culture media was replaced every 4-5 days, 
depending on cell growth. To serve as a control, non- transfected cells were also plated at the 
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highest cell concentration and cell death upon addition of zeocin was monitored to indicate 
when to reduce the zeocin concentration.  
2.2.5.3.1 Selection of Monoclonal Cell Line 
Gradual reduction of the zeocin concentration facilitated the formation of individual 
monoclonal colonies which were selected and analysed for their protein (and PSA) 
expression with ELISAs (see section 3.1.5). This was achieved by gently washing the plates 
with PBS and picking the colonies with trypsin soaked 5 mm sterilised paper discs. These 
were then transferred to a 48 well plate containing 1 ml of cell culture media and left to 
incubate at 37 
o
C. Once the cells were stably growing onto the plate surface, the paper discs 
were removed and the media collected replaced. The collected media was then subjected to 
an ELISA assay to determine protein (and PSA) expression. Several rounds of screening were 
carried out to obtain the best expressing clones. 
2.2.5.3.2 Selection of Polyclonal Cell Lines 
Where individual colonies could not be picked for monoclonal selection, the whole plate was 
trypsinised and all transfected cells were collected and pooled together. These cells were 
maintained in the same conditions as described above and the supernatant was also tested for 
protein (and PSA) expression using ELISAs.  
2.2.5.4 Selection of Stable Cell Line for optimal Protein Expression using Enzyme-Linked 
Immunosorbent Assay (ELISA) 
To determine the presence of protein expression, anti-Ag ELISA affinity assays were 
performed. Ninety-six well ELISA plates (Nunc
TM
 Maxisorb, Thermo Fisher) were coated 
overnight with 1 µg/ml antigen (NA-1 or IL-6) in PBS (50 µl) at 4 oC. Next, the plates were 
blocked with 3% Marvel-PBS (200 µl) for two hours at 37 
o
C. Following three PBS washes, 
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100 µl of each sample of supernatant collected from individual colonies was added to each 
well and left to incubate for one hour at room temperature. The plates were then washed 
thrice with PBS and the constructs were detected using either mouse monoclonal anti-His 
IgG-HRP or monoclonal mouse anti-c-myc IgG in 3% Marvel-PBS (100 µl), monoclonal 
mouse IgG anti-FN1 or anti-PSA rat monoclonal (12F8) followed by a secondary antibody, 
goat anti-mouse HRP conjugate or a Goat anti-rat IgM HRP for an hour each at room 
temperature. This allowed the expression of polysialylated glycoproteins to be determined 
and selected for large scale protein expression. Between antibody incubations, plates were 
washed three times with 0.1% Tween-PBS and PBS. BM blue peroxidise substrate (100 µl) 
was added to each well for up to a maximum 30 minutes before quenching the reaction with  
1 M HCl (100 µl). The absorbance at 450nm was then measured using a SpectraMAX 340PC 
spectrophotometer.  
2.2.5.5 Protein Expression from Stable Cell Lines 
Stable cell lines expressing protein (and PSA) were gradually sub-cultured into 75 cm
3
 and 
150 cm
3
 tissue culture flasks for large scale protein expression. For cells with polysialylation 
function, the culture media was supplemented with 1 mM VPA to enhance 
polysialylatransferase activity. The cells were then gradually adapted to serum free CHO 
media (2% L-Glutamine & 2% pen-strep antibiotics) to facilitate subsequent protein 
purification. The supernatant was collected every 4-5 days and replaced with fresh serum free 
media until cells reached complete confluency. All collected media was pooled together and 
extensively dialysed with 1 x PBS before purification.   
2.2.5.6 Immobilised Metal Affinity Chromatography (IMAC) 
Protein purification was achieved using IMAC, which uses a Talon
®
 column to separate poly-
His tagged proteins. The Talon
®
 resin was incubated with the bacterial supernatant or cell 
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culture media overnight at 4 
o
C, with gentle rolling before application to a 10 ml gravity flow 
column. The column was equilibrated with PBS or TBS for the polysialylated protein 
samples. Having washed the column with 5 column volumes with the same buffers, proteins 
were eluted with 250 mM NaCl in PBS or TBS. All the fractions and flow-through were 
collected and samples analysed by SDS-PAGE gel. Fractions containing purified protein 
were pooled and extensively dialysed into 1 x PBS or TBS, concentrated and stored at -20 
o
C.   
2.2.5.7 Anion-Exchange Chromatography 
Polysialylated proteins were further purified using anion exchange chromatography to 
separate the proteins according to their different degrees of polysialylation. Protein samples 
were dialysed against ion exchange buffer (100 mM Tris-HCl, pH 7.5) prior to loading on the 
column and eluted with varying salt concentrations to separate into three distinct 
polysialylated populations. A 50 mM NaCl/Tris-HCl solution was used as an initial wash 
step, followed by a 100 mM NaCl elution buffer to purify the sialylated proteins, 200 mM 
NaCl to purify the low PSA sample and a final 1 M NaCl high salt elution step to purify the 
highly polysialylated protein samples.  Corresponding fractions were collected and dialysed 
against 1xTBS to remove the high salt and preserve the PSA. Purified protein samples were 
subsequently analysed using 7% and 12% SDS-PAGE and western blots. 
DEAE-Speharose was also employed to isolate and purify the refolded IL-6 antigen.  The 
column was equilibrated with 50 mM Tris/HCl pH 8.9, 10% glycerol. After loading the crude 
refolded extract, the column was washed with 5 column volumes of the same buffer and 
eluted with a gradient of 0-0.5 M NaCl in the same buffer. Protein samples were immediately 
stored at -20 
o
C until use. 
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2.2.6 Protein Characterisation 
2.2.6.1 Determination of Protein Concentration 
Protein concentration was determined using the BCA™ Protein Assay Kit according to the 
manufacturer’s instructions or by measuring the protein absorbance at 280 nm using a 
NanoDrop™ 1000 spectrophotometer.  
For samples measured using NanoDrop™, the following equation was used to determine the 
actual protein concentration: 
Concentration (mg/ml) = (Absorbance280nm / Extinction co-efficient*) x Molecular Weight (Da) 
eg. Concentration of scFv H1; Ext. coefficient: 49390; Mwt: 29772 Da 
 average absorbance (1.28, 1.05, 1.24) = 1.19 
Conc. scFv = (1.19 / 49390) x 29772 = 0.7 mg/ml 
*The extinction coefficient was determined using the ProtParam tool on the ExPASy server 
(http://web.expasy.org/protparam/)  
2.2.6.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
The BIORAD mini PROTEAN
®
 2 gel system were used for SDS-PAGE reducing gels. Gels 
were prepared as described in materials (see section 2.1). Samples were mixed with 6 x SDS 
loading buffer and heated at 100 
o
C for 5 minutes or 65 
o
C for 5 minutes (for NCAM fusion 
samples). They were then chilled on ice for several minutes before loading into wells and 
electrophoresed at 20 mA/ gel for ~1 hour, although this was adjusted depending on the 
migration of the loading dye. Molecular weight markers were also loaded alongside samples 
to determine size and amount of protein. The gels were then either stained with Coomassie 
Blue R-250 or used in Western blotting. 
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2.2.6.3 Coomasie Staining 
For overall protein detection, gels were initially washed with dH2O and then left immersed in 
Coomassie stain (see materials, section 2.1) for over 1 hour at room temperature, with gentle 
rocking. Destaining solution was then applied for a further 1 hour at room temperature.   
2.2.6.4 Western Blotting 
For specific protein detection, polyacrylamide gels were transblotted onto nitrocellulose 
membrance (Hybond-ECL) using a semi-dry transblotter (BIORAD). The gels were placed 
firmly on top of the nitrocellulose membrane which was sandwiched between thick blotting 
paper and electrophoresed at 15 V for 30 - 45 minutes. The membrane was then blocked with 
5% Marvel™ in PBS for 1 hour at room temperature or overnight at 4oC. The membrane was 
then subjected to different antibody incubations, each for 1 hour at room temperature, with 
gentle rocking. All antibodies were diluted in 3% Marvel- PBS and the blots were washed 
with PBS between each step. An extra PBS-Tween wash was performed prior to development 
with ECL chemiluminescence (GE Healthcare). The blots were imaged using FujiFil LAS-
3000.  
2.2.6.5 Neuraminidase Treatments 
Protein samples were subjected to neuraminidase treatments to hydrolyse the N- or O- 
acylneuraminic acids in oligosaccharides. Typical reaction conditions were overnight 
incubations at 37
o
C. Two units of Endo-Neuraminidase were directly added to the protein 
samples to hydrolyse α 2-8 linked PSA bonds. Acetyl-neuraminyl hydrolase or sialidase 
(Exo-N, 25 Units) was used to hydrolyse α2-3, α2-6 bonds and the reaction was catalysed 
with 1x G1 Reaction Buffer (50mM sodium citrate, pH 6.0) in a total reaction volume of 10 
µl. To hydrolyse N-linked glycans, samples were denatured with 1x glycoprotein denaturing 
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buffer for 10 minutes at 100 
o
C, prior to the addition of N-glycosidase F (PNGase F) with 
NP- 40 (1%) and G7 reaction buffer in a total volume of 20 µl.  
2.2.6.6 Digoxigenin (DIG) Glycan Differentiation 
The DIG Glycan Differentiation Kit employs lectins bound to specific carbohydrate 
structures to differentiate between (2-3) and α(2-6) linkage of terminal sialic acids. It also 
identifies core disaccharide Galβ(1-3)GalNAc of O-glycans. Neuraminidase treated protein 
samples were analysed using this DIG-kit according to the manufacturers protocol. 
2.2.6.7 Factor Xa Protease Treatment 
Purified LS-scFv-Ig5-FN1 construct with an incorporated Factor Xa recognition [LS-scFv-
Ig5-FN1(Xa)] site was treated with the protease to cleave the FN1 domain, leaving behind a 
polysialylated LS-scFv-Ig5 fusion protein.  Factor Xa is a site-specific endo-protease that 
cleaves the C-terminal peptide bond of the recognition sequence Ile-Glu-Gly-Arg, which has 
been incorporated between the Ig5 and FN1 NCAM domains. The fusion protein (10 µg) was 
treated with 1 unit of Factor Xa protease in a total volume of 40µl with 1x reaction buffer (20 
mM Tris-HCl, 50 mM NaCl, 1 mM CaCl2, pH 7.5) and incubated at 25 
o
C for 6 hours. The 
reaction was quenched with SDS-PAGE loading buffer. The efficiency of cleavage was 
analysed using SDS-PADE electrophoresis and detected with Western blot analysis using 
mouse monoclonal anti-FN1 and a secondary goat anti-mouse HRPO conjugate. 
2.2.6.8 Circular Dichroism 
Cicrular dichroism was used to determine whether the rh.IL-6 had been refolded correctly by 
characterizing its secondary structure. Chirascan (Applied Photophysics Ltd) was used to 
analyse protein samples, following manufacturer’s instructions. Protein samples were 
prepared in PBS and run in 1mm path length cuvettes. 300 µl of sample at 0.1 mg/ml was 
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analysed. A baseline with 300 µl dH20 and then 300 µl PBS buffer was run prior to the 
samples. Typical parameters were: 
Temperature   20 
o
C 
Wavelengths   190-260 nm 
Step   0.5 nm intervals 
Band width  1 nm 
Timer per point  1 sec 
 
The data was deconvoluted using DichroWeb. At least two different analysis models were 
used to confirm the results (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml).  
 
2.2.6.9 Biotinylating Antigen 
Antigen was biotinylated at sub-molar ratisos of 1:1 biotin: protein molar ratio as determined 
by previous optimisation work (Chen et al., 2012a) using Pierce EZ-Link Sulfo-NHS-LC-LC-
Biotin reagent according to the manufacturer’s manual. In order to remove free biotinylation 
reagents and to subsequently elute the desired biotinylated protein, a PD10 column was used. 
Biotinlated protein was eluted with the addition of PBS buffer and the protein concentration 
was quantified using NanoDrop
TM
. 
2.2.6.10 ELISA for Binding Affinity Measurements 
In order to determine antigen binding properties of the various scFv constructs, anti-Ag 
ELISA affinity assays were performed. Ninety-six well ELISA plates (Nunc
TM
 Maxisorb, 
Thermo Fisher) were coated overnight with 20 µg/ml avidin in PBS (50 µl) at 4 
o
C. Next, the 
plates were blocked with 3% Marvel-PBS (200 µl) for two hours at 37 
o
C. Following three 
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PBS washes, 100 µl of biotinylated Ag (10 µg/ml) in 3%Marvel-PBS was added to each well 
and left to incubate for one hour at room temperature. Once the antigen was bound to the 
ELISA plates, protein samples (100 µl appropriately diluted) were added to each well for one 
hour at room temperature. Plates were also incubated with non-biotinylated Ag to serve as a 
control. For the purpose of determining an estimate KD value for each construct, protein 
samples were diluted (2-fold) to give a range of concentrations. The constructs were then 
detected using the same methods as described previously (see section 2.2.5.4). KD values 
were determined using Sigma plot analysis, with data fitted to sigmoidal curve parameters. 
2.2.6.11 ELISA for receptor inhibition assays 
To detect IL-6 receptor competition, 96-well plates were coated overnight with avidin (20 
µg/ml in a total 50 µl/ well) and biotinylated IL-6 antigen added at its optimised minimal 
binding conditions (1 µg/ml). The optimal antibody concentration, at which 80% binding 
occurred, was added in combination with titrated human IL-6 receptor. The binding of the 
antibodies (IgG or scFvs) with IL-6 in the presence of its receptor was detected using anti-
mouse or anti-his IgG-HRP, respectively. The NCAM fusion proteins were detected using 
anti-FN1 followed by a secondary anti-mouse HRP.  
2.2.6.12 Structure Determination using Mass Spectrometry  
All mass spectrometry studies were carried out by Dr. Kevin Canis at the Glycobiology 
Centre, Imperial College London, with investigatory consultation from Dr. Stuart Haslam.  
2.2.6.12.1 Reduction / carboxymethylation 
Lyophilised aliquots (100 µg) were dissolved in 300 µl of 2 mg/mL DDT in degassed 0.6 M 
Tris buffer (pH 8.5) and reduced by incubation for 60 min at 37 °C. The samples were then 
subjected to carboxymethylation by addition of 300 µL of 60 mg/ml iodoacetic acid in 
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degassed 0.6 M Tris buffer (pH 8.5) and incubated for one hour at room temperature. The 
reaction was stopped by dialysing samples against a 50 mM ammonium hydrogen carbonate 
buffer (pH 7.4) for 36 h at 4°C. 
2.2.6.12.2 Trypsin digestion 
Reduced-carboxymethylated samples were then digested with 300 µL of 100 µg/mL L-1-
tosylamido-2-phenylethyl chloromethyl ketone (TPKC) treated bovine pancreas trypsin in 
50mM ammonium hydrogen carbonate buffer (pH 8.4). Samples were incubated for 14 hours 
at 37 °C and the reaction quenched with the addition of 2 drops of glacial acetic acid. 
Digested samples were immediately purified using a Sep-Pak
®
 C18 cartridge (Waters 
corporation). The cartridge was attached to a glass syringe and conditioned successively with 
methanol, acetic acid (5%) and propan-1-ol (3x 5ml). Samples were then loaded onto the 
cartridge and washed with 20ml 5% acetic acid to elute hydrophilic contaminants. Peptides 
and glycopeptides were then eluted sequentially with 3ml of each 20%, 40% and 100% 
propan-1-ol in 5% acetic acid. The volume of each fraction was reduced on a Savant Speed-
Vac and samples were lyophilised 
2.2.6.12.3 PSA digestion by endo-N- acetylneuraminidase 
Purified native oligosaccharides were dissolved in a 50 mM ammonium acetate pH 5.5 
buffer. Endo-N- acetylneuraminidase (25 mU) was added to the samples and incubated for 18 
hours at 37°C. Another aliquot of the enzyme was added and again incubated for a further 18 
hours. Samples were finally freeze-dried. 
2.2.6.12.4 PNGase F digestion – N-glycan release 
Lyophilised fractions from the Sep-Pak
® 
C18 purification were dissolved in 200 µl of 50 mM 
ammonium hydrogen carbonate buffer (pH 8.4). Samples were subsequently digested with 5 
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units PNGase F (Roche) and incubated at 37 
o
C for 36 hours to release the N-glycans, which 
were separated using a Sep-pak
®
 C18  
2.2.6.12.5 PSA lactonization on MALDI plate 
Purified native oligosaccharides were spotted onto a MALDI-TOF MS plate and allowed to 
dry. The dried sample were dissolved in 0,1% ortho-phosphoric acid and left to incubate at 
room temperature for 30 min and dried under vacuum prior to MS analyses. 
2.2.6.12.6 Oligosaccharide permethylation 
Permethylation was carried out on purified and lyophilised glycans. Sodium hydroxide was 
crushed in the presence of 3 mL DMSO. 1ml of the resulting slurry was added to the 
lyophilised samples to which, 0.5 ml methyl iodide was added. The mixture was then 
vigorously mixed for 15 minutes at room temperature. The reaction was quenched by 
dropwise addition of water, whilst shaking. Permethylated samples were then extracted in 
1ml of chloroform and washed several times with 3ml of water. The chloroform was finally 
evaporated under a stream of nitrogen, prior to the C18 purification. 
2.2.6.12.7 Matrix assisted laser desorption ionisation / Time of flight (MALDI-TOF) MS analyses 
Lactonized samples were dissolved in 1 µl ATT matrix (20 mg/mL 6-aza-2-thiothymine in 
50:50 acetonitrile: 50 mM ammonium citrate) and allowed to dry under vacuum. MALDI-MS 
analysis was performed using a Voyager DE-STR™ (Applied Biosystems) mass 
spectrometer. Data were acquired using Voyager 5 Instrument Control Software and 
processed using Data Explorer MS processing software. 
Permethylated samples were dissolved in 10 µl of 1:1 methanol: water ratio. 1 µl of this was 
mixed with 1 µl of DHB matrix (10 mg/ml of 2,5-dihydroxybenzoic acid in 50:50 methanol: 
water) and spotted on to a MALDI plate and allowed to dry under vacuum. MALDI-MS 
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analysis was performed using the same mass spectrometer in the reflectron positive mode 
with delayed extraction.  
2.2.6.12.8 Matrix assisted laser desorption ionisation (MALDI) MS/MS  
MS/MS data were acquired using a 4800 MALDI TOF/TOF™ (Applied Biosytems) mass 
spectrometer. The collision energy was set to 1 kV and air was used as the collision gas. The 
instrument was calibrated using [Glu
1
]-fibrinopeptide G human (Sigma) as the external 
calibrant for the MS/MS mode and the 4700 calibration standard, calmix, as the external 
calibrant for the MS mode.  
2.2.7 In-vivo Pharmacokinetic Analysis of Polysialylated Glycoproteins 
All in vivo work was carried out under Home Office project licence to Dr. Deonarain 
Reference 70/6982. Procedures were carried out by Mr Daniel Wells, CBS, Imperial College 
London. Dr Mahendra P. Deonarain, Imperial College London carried out all the radio-
labelling work. 
2.2.7.1 In vivo blood clearance studies  
Protein samples (100 µg) were iodinated using IODO-GEN
®
 Iodination Reagent (Thermo 
Pierce) according to manufacturer’s instructions. Firstly, sodium iodide-125 (NaI125) 
(solution in PBS) was activated using the supplied Iodination tubes. The protein sample to be 
labelled was added to the tubes. The reaction was allowed to stand for 7 minutes before the 
protein samples were purified on a PD10 column eluting with PBS, collecting the first major 
fraction (as detected by the radioactivity).  
The mice, in groups of 3-5 (per time point) were injected in the tail vein with the 
corresponding radiolabelled solution (5-10 μg, 0.2 ml per mouse), transferred back to the 
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cages and were left for 0-24 hrs. Ketaset/ Rompun (2:1, 20 μl) was injected intramuscularly 
to anaesthetise the mice in groups. Blood samples were collected by tail tipping at 0.25, 1, 2, 
6 and 24 hrs. The samples were weighed before the gamma count for each sample was 
measured in a Hewett Packard Gamma counter. These were compared to the injected gamma 
count (100% injected dose) and expressed in percentage injected dose per gram of blood 
(%ID/g). The data was plotted using SigmaPlot 11.0 and fitted to a double exponential decay 
4 parameter curve using the equation: y = ae
-bx
 + ce
-dx, where α phase t(1/2)= ln2/b and β 
phase t(1/2)= ln2/d. 
2.2.8 Data Analysis 
Qualitative data analysis was carried out on three to five repeats and reported as a 
representative profile. For example, protein blots were repeated several times to achieve 
similar staining patterns, but only one was presented in the data. Quantitative data was 
analysed as the mean average of the absolute values of at least three repeats and reported with 
the standard error of the mean (S.E.M).  
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CHAPTER 3  
Development of a cleavable 
polysialylated antibody construct 
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3.1 INTRODUCTION 
NCAM has been identified as the natural acceptor of PSA. Close et al, determined that the 
minimal determinants required for NCAM polysialyation by PST were the immunoglobulin 
domain 5, which acts as a PSA carrier and a fibronectin type III repeat domain 1, which 
serves as a docking site for the PST (Close et al., 2003). Polysialylation has previously been 
reported to occur primarily on two N-linked glycans in the Ig5 domain (Nelson et al., 1995). 
Since then a unique acidic patch on the FN1 domain has been discovered, consisting of 
Asn497, Asn511, Glu512 and Glu514, which constitute part of the PST recognition site 
(Mendiratta et al., 2005) and a unique α-helix also in the FN1 domain which is postulated to 
mediate Ig5 positioning for N-glycan polysialyation or acts as a secondary interaction site to 
allow PST positioning onto its substrate (Mendiratta et al., 2006).  
Previous studies with chemical conjugation of PSA onto antibody fragments, showed that 
whilst it significantly improved serum half-life and bioavailability, it had many limitations 
such as diminished antibody bioactivity, long processing times and poor yields (Constantinou 
et al., 2009). Therefore, a recombinant approach was developed to overcome some of these 
limitations. Initial work has shown that splicing the NCAM Ig5 and FN1 domains onto two 
different scFv molecules resulted in the expression of highly polysialylated scFvs from 
mammalian HEK cells (Chen et al., 2012a). In an attempt to further this investigation, this 
study describes the generation of a minimised fusion protein to enhance antigen localisation 
and tumour penetration. As the role of FN1 has been described to dock PST for initiating 
polysialyltion on N-glycans on the Ig5 domains, once polysiaylation has occurred, it becomes 
a redundant domain and therefore, this study looks into removing this portion to generate a 
smaller fusion protein with PSA attached. This was carried out by designing a cleavable 
linker between the Ig5 and FN1 domains to remove the redundant FN1 domain once the sialic 
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acid residues have been added onto the Ig5 domain and subsequently, determine its 
pharmacokinetic properties (Figure 3.1).  
 
Figure 3.1: A schematic diagram illustrating the evolution of antibody polysialylation from chemical 
conjugation (random amine coupling and site-directed thiol conjugation) to recombinant 
polysialylation, utilizing NCAM domains and the final scFv fusion protein set to achieve in this 
investigation.  
 
Following previous studies (Chen et al., 2012a; Constantinou et al., 2009), the chosen scFv 
for polysialylation was a well-established anti-carcinoembyronic antigen (CEA) known as 
MFE-23. CEA is most commonly used as a diagnostic marker for solid tumours, particularly 
colorectal cancers as well as other tumours of epithelial origin. It is also widely used for 
targeting with antibodies, especially anti-tumour antibodies linked to radio-labels or cytotoxic 
substances (Boehm et al., 1996; Verhaar et al., 1996). CEA is a membrane bound cell surface 
glycoprotein consisting of seven immunoglobulin-like domains and is heavily glycosylated, 
with over 50% carbohydrate by weight (Boehm et al., 1996). Its expression begins during 
foetal development and persists throughout life and acts as an adhesion molecule.  
MFE-23 was reported as the first scFv to be used in patients as a colorectal tumour targeting 
molecule (Begent et al., 1996; Boehm et al., 2000). It was first selected using phage display 
and showed high binding affinity to CEA (Chester et al., 1994). It has since been investigated 
in clinical trials for imaging and therapeutic use and has been shown to be safe and effective 
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in localizing CEA-producing tumours (Chester et al., 2000; Mayer et al., 2000; Verhaar et al., 
1996). MFE-23 was successfully polysialylated using the recombinant approach, confirmed 
by mass spectrometry (Chen et al., 2012a). This construct not only retained its in vitro cell 
binding activity, it also showed improved pharmacokinetics and prolonged serum half life in 
vivo.  The success of both chemical and recombinant polysialylation of MFE-23 (Chen et al., 
2012a; Constantinou et al., 2009) encouraged the use of this technology to initially show 
refinements to an already existing model and later to apply to a different scFv to highlight not 
only its versatility, but also to aid in determining the most appropriate therapeutic target for 
beneficial pharmacokinetics. 
 
3.2 AIMS & OBJECTIVES: 
The aim of this study was to generate a minimized polysialylated antibody fusion protein 
with MFE-23 scFv as a model to demonstrate the redundant FN1 domain can be cleaved 
upon polysialylation. The objectives for this included: 
 Genetically engineering the antibody fragment (scFv) to test for recombinant 
polysialylation by fusing with NCAM Ig5 domain, which will serve as a control. 
 Identifying a suitable protease sequence and designing into the construct to achieve 
cleavage of the FN1 domain upon polysialylation. 
 Transfecting NCAM fusion proteins into mammalian cell lines for subsequent 
selection and expression of monoclonal populations. 
 Characterising NCAM fusion proteins for antigen binding and subsequent 
polysialylation.  
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3.3 RESULTS 
3.3.1 Construction of the MFE-23 scFv-NCAM fusion proteins  
A LS-scFv-Ig5-FN1 fusion was previously cloned into pcDNA4 mammalian expression 
system, downstream of an Igκ leader sequence (LS) to allow antibody + fusion secretion 
(Constantinou, 2005). This construct was adapted in this study to; firstly eliminate the FN1 
domain to produce a LS-scFv-Ig5 fusion to serve as a control for determining whether 
polysialylation can occur with just the Ig5 domain present; and later to introduce a cleavage 
site between the Ig5 and FN1 domains, to potentially allow the cleavage of the FN1 domain. 
Primers were designed to amplify both constructs, such that Hind III and Xho I restriction 
sites were added to the ends of the fragments to accommodate subsequent cloning of LS-
scFv-Ig5 into pcDNA4a (Figure 3.2).  
An initial temperature gradient PCR reaction, ranging from 49 – 69.5 oC, was carried out to 
determine the optimal annealing temperature. Lane 4 of figure 3.3, clearly shows the highest 
fragment amplification, correlating to 52.2 
o
C (Figure 3.3a). DNA was subsequently purified 
and ligated into pcDNA4a vector at 1:1 and 1:3 vector: insert ratios. Following heat-shock 
transformation, colonies were analysed using colony PCR to screen for the positive clones. 
9/10 colonies picked appeared to be positive with bands present at ~1200 bp (Figure 3.3b).  
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Figure 3.2: Schematic diagram showing the development of LS-scFv -Ig5 construct, which is used as a 
control in this study to see if Ig5 alone is sufficient to allow polysialylation. a) Schematic of the 
pcDNA4a vector used; b) Domains of full length NCAM as previously cloned into the pcDNA4 vector, 
followed by the construction of the scFv fused to NCAM Ig5 and FN1 domains; c) Construction of the 
LS-scFv-Ig5 fusion protein by altering the scFv fusion protein by inserting restriction sites Hind III and 
Xho I at either ends of the fusion protein to allow cloning into an empty pcDNA4a vector. 
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Figure 3.3: Agarose gels (1%) showing the LS-scFv-Ig5 PCR fragments as 1200bp. a) Temperature 
gradient PCR to determine the optimal annealing temperature of 52.2oC (lane 4).  Lanes: M 
represents Hyperladder I, 1-12: temperature gradient from 49- 69.5oC. b) Colony PCR indicating the 
presence of the protein construct following successful cloning. Lanes: M represents Hyperladder I, 1-
5: colonies picked from 1:1 vector: insert ligation reactions, 6-10: colonies picked from 1:3 vector: 
insert ligation reactions. The arrows highlight the PCR products at 1200bp.  
 
3.3.2 Design of a cleavable FN1 domain 
To design a construct capable of cleaving the NCAM FN1 domain after polysialylation has 
occurred, a cleavage site between the Ig5 and FN1 domains was proposed. In order to achieve 
this, the structures of the domains were firstly analysed. However, at the time this was being 
considered the structure of the Ig5 domain was not yet reported and thus, sequence alignment 
between the human Ig5 domain and the known rat Ig1-3 domains were analysed to identify 
the linker region between the Ig5 and FN1 domains (Figure 3.4). However, due to much 
discrepancy between the sequences and inability to determine the end of the Ig5 domain 
following domain assignment using Expasy tools, the linker sequence was predicted by 
referring to Colley et al’s X-ray crystal structure of human NCAM FN1 domain (Carafoli et 
al., 2008; Colley, 2008) (Figure 3.5a) and by analysing the structure of the FN domains as 
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cited by Carafoli et al (Carafoli 2008). By analysing this data and considering results 
obtained from the sequence/domain alignment, the linker was predicted to include ‘FILVQA’ 
sequence. By analysing the complete amino acid sequence of the fusion protein, specifically 
the linker sequence, it was found using Peptide cutter software 
(http://www.expasy.ch/tools/peptidecutter), a Factor Xa cleavage site to be the most 
appropriate protease cleavage site to insert into the fusion protein. This only required a three 
amino acid change within the linker sequence from LVQ to EGR, thus potentially not 
affecting the structure of the FN1 domain or changing the length of the linker. PCR 
amplification was used to insert the desired amino acid changes between the two domains 
using Not I and Xcm I restriction sites to amplify the specific fragment (Figure 3.5b).  
  
Figure 3.4: Sequence alignment between human NCAM domain Ig5 and rat NCAM domains Ig1,2 & 3 
carried out using ClustalW2 multiple sequence alignment tools online. The stars represent complete 
identity and the dots reveal amino acid similarities.  
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a) 
  
b) 
 
Figure 3.5: a) Illustration showing the X-ray crystal structure of human NCAM FN1 domain (Colley, 
2008) and design for the Factor Xa cleavage site. b) Schematic diagram describing PCR amplification 
to insert the cleavage site, IEGR between the Ig5 and FN1 domains. Restriction sites Not I and Xcm I 
were inserted upstream of the Ig5 domain and downstream of the cleavage site within the FN1 
domain, respectively, to facilitate subsequent cloning into pcDNA4a vector. Another sub-cloning step 
into pcDNA4c followed to allow the purifications tags to be read in-phase.  
Predicted Linker region 
109 
 
Temperature gradient (75-95
o
C) was carried out to determine the optimal annealing 
temperature for this fragment at 80.8
o
C (lane 5, figure 3.6a). Subsequent sub-cloning back 
into the pcDNA4c vector with the full length fusion protein proved quite challenging with 
only 4 colonies generated from 1:3 ligations. Of the 4 that were screened using restriction 
digestion, only 2 appeared as positive clones (Figure 3.6b). These were verified by DNA 
sequencing. 
 
 
Figure 3.6: Agarose gels (1%) indicating the Ig5-FN1 fragment with the incorporated Factor Xa 
cleavage site. a) Temperature gradient PCR showing fragment amplification is similar between the 
ranges of 75-95oC. Lanes: M represents Hyperladder I, 1-13: temperature gradient from 75- 95oC.  
The arrow highlights the PCR products at 363bp; b) Plasmid isolation of colonies (lanes 1-4) picked 
from heat-shock transformations following digestion of 1:3 ligated pcDNA4c. The arrow highlights 
the Ig5-FN1 inserts at 363bp. 
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3.3.3 Selection of monoclonal stable cell lines expressing polysialylated antibody fusion 
proteins  
Having successfully ligated both gene-fusion constructs into pcDNA4, the plasmid DNA 
(10µg) of each was transfected into HEK-293 cells, which were previously stably co-
transfected with PST (Chen et al., 2012a). Cells were treated with zeocin and G418 
antibiotics to facilitate the isolation of monoclonal transfected colonies, which took several 
weeks. An LS-scFv construct previously cloned into pcDNA4a (Constantinou, 2005) was 
also transfected into HEK-293 + PST cells to allow comparison of subsequent protein 
expression. Single colonies were picked and plated into 2 x 48- well plates. Media was then 
collected and tested for protein expression and functionality using ELISAs. Expression was 
detected via myc-tags and anti-PSA antibodies to detect the polysialylated clones. The 
relative absorbance at 450nm was measured to indicate fusion protein expression and 
binding. The total absorbance of each construct was measured relative to the negative control, 
which comprised of HEK+PST cells with the appropriate antibody staining steps, but no scFv 
fusion proteins. A second round of screening was carried out on the positive colonies, which 
were transferred to 2 x 24- well plates and again detected using anti-myc and PSA antibodies 
(Figure 3.7). The figures show that the cell lines were expressing functional antibodies, since 
most gave positive absorbance readings. However, only those with high absorbance readings 
were expanded into 12-well plates to confirm protein expression by analysing the media with 
Western blotting. Positive constructs were later expanded for large scale expression and 
subsequent purification.  
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Figure 3.7: Examples of monoclonal selections of scFv-NCAM fusion proteins selected using ELISA 
absorbance readings at 450nm. Plates were coated with NA-1 antigen. a) Indicates all the different 
colonies screened and plated in rows 1-8, A-F from LS-scFv tranfectants using anti-myc detection. 
The arrow points to clone 1-1E3, which was picked for further screening. 1-8 b) Indicates all the 
different colonies screened and plated in rows 1-12, A-H from from LS-scFv-Ig5 transfectants using 
anti-myc detection. The arrow points to clone 1-1B1, which was picked for further screening. c) 
Indicates all the different colonies screened from LS-scFv-Ig5-FN1(Xa) using anti-myc and anti-PSA 
detection. The arrow points to clone 1-4B4 which was selected as the best expressing polysialylated 
protein construct.   
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3.3.4  Mammalian protein expression of the scFv-NCAM fusion proteins  
Following the transfection and isolation of monoclonal stable cell lines for each construct, the 
desired cell lines were adapted to CD-293 serum-free media to allow large scale protein 
expression and purification. Protein samples were purified on a Talon
®
 column using IMAC 
purification methods (See section 2.5.6). The LS-scFv-Ig5 fusion protein (45kDa) was easily 
purified with high yields (3mg/ml) and the sample eluted from the Talon
®
 column appeared 
pure as judged by coomassie staining (Figure 3.8a(i)). However, slight degradation was 
noticed from the anti-myc blot at ~35kDa (Figure 3.8a(ii)).  
The sialylated protein samples [LS-scFv-Ig5-FN1+/-(Xa)] were further separated according 
to their different degrees of sialylation using anion-exchange and clearly identified by their 
distinctive peaks. Corresponding fractions were collected and subsequently analysed using 
SDS-PAGE and Western blots with anti-myc and anti-PSA detection (Figure 3.9). However, 
after several attempts, it became apparent that the cleavable fusion protein was not 
polysialylated and following separation by ion exchange, could not be detected, especially 
using anti-PSA. This was surprising since initial anti-PSA blots detected modified proteins 
following IMAC purification (Figure 3.8b(iv)). Therefore, it was decided to continue using 
IMAC purified protein for further characteristation. Not only did this give higher protein 
yields (~0.6mg/ml), but the purity was good as seen with coomassie staining (Figure 3.8b(i)) 
and detection with the other antibodies, anti-myc and anti-FN1 was better too. The only 
drawback to this was heterogeneous population of polysialylated material existed and thus it 
was not possible to determine which sialylated population the results attributed to.  
A perplexing observation whilst analysing the full length fusion proteins was that whilst the 
non-cleavable fusion protein appeared at the expected molecular weight of ~70kDa, the 
Factor Xa incorporated fusion protein appeared as a smear between 45-60kDa (Figure 
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3.8b(ii)) which over time seemed to resolve into a single band at ~45kDa is seen (Figure 
3.10). At first glance, this could be explained as the cleavable construct not being 
polysialylated, as confirmed with the anti-PSA blot (Figure 3.10d), thus appearing at a lower 
molecular weight, but further analysis shows that even without the added molecular weight of 
PSA, the fusion protein itself should still appear at ~60kDa, instead of being at the same 
molecular weight as the LS-scFv-Ig5 fusion protein. It is worth noting that following IMAC 
purification, analysis of the samples showed the presence of a doublet in some of the 
collection fractions, seen with coomassie staining and an anti-FN1 blot, perhaps suggesting 
degradation. However, truncation at the C-terminal does not seem plausible as c-myc and His 
tags are present, as seen with detection using anti-myc and His antibodies. Having pooled 
together the fractions, the appearance of a doublet disappeared and instead a single band in 
line with the LS-scFv-Ig5 fusion protein at 45kDa appeared (Figure 3.10). 
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Figure 3.8: IMAC purification profiles. a) SDS-PAGE (12%) analysis of Talon® purified LS-scFv-Ig5 
fusion protein. Lanes correspond to M: Prestained protein marker, 1: supernatant, 2: flow through, 3 
& 4: PBS washes, 5-12: elution fractions (200mM imidazle).  (i) Coomassie staining; (ii) Anti-myc blot. 
b) SDS-PAGE (7%) analysis of talon purified LS-scFv-Ig5-FN1(Xa). Lanes correspond to M: Prestained 
protein marker, 1: supernatant, 2: flow through, 3: PBS wash, 4-11: elution fractions (200mM 
imidazole). (i) Coomassie staining; (ii) Anti-Myc blot; (iii) Anti-FN1 blot; (iv) Anti-PSA blot. 
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Figure 3.9: (i) Ion exchange profile showing increase in NaCl concentration to isolate the three 
different species of polysialylated protein. (ii) Anti-myc blot to show sialylated (S), low PSA (L), High 
PSA (H) samples collected from ion exchange. (iii) Anti-PSA blot of all three protein samples, S, L & H.  
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Figure 3.10: Comparative blots of the different LS-scFv-23 NCAM fusion proteins. a) Coomassie 
staining; b) Anti-myc; c) Anti-MFE; d) Anti-FN1; e) Anti-PSA. Lanes correspond to M: Prestained 
protein marker; 1: LS-scFv-23 protein; 2: LS-scFv-Ig5; 3: LS-scFv-Ig5-FN1(Xa) and 4: Ls-scFv-Ig5-FN1. 
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3.3.5 Glycosidase treatment of the fusion proteins to show core glycosylation patterns 
To further assess the discrepancy between the two full length fusion proteins [LS-scFv-Ig5-
FN1+/-(Xa)], samples were subjected to neuraminidase treatments to cleave the glycosidic 
linkages of neuraminic acids. Endoneuraminidase-N (Endo-N) was used to hydrolyse the α2-
8 linked PSA bonds, whilst PNGase F was used to cleave between the inner-most GlcNAc 
and asparagine residue of N-linked glycoproteins, thus removing all N-linked glycans.  
Endo-N treatment of the non-cleavable full length fusion protein showed a significant 
reduction in smearing (Figure 3.11b, lanes 1 & 2), indicating the hydrolysis of α2-8 linked 
PSA molecules, whilst PNGase F treatment following Endo-N hydrolysis shifted the band to 
a slightly lower molecular weight from ~70 – 60kDa. This indicates the removal of N-linked 
glycans and supports previous findings (Chen et al., 2012a; Foley et al., 2010a). However, in 
the anti-FN1 blot several fainter bands were also visible (Figure 3.11b, lane 3) from ~55-
45kDa, perhaps suggesting incomplete hydrolysis. This may be particularly relevant as a very 
faint band was visible in line with the cleavable protein at ~55kDa. Whilst the non-cleavable 
full length fusion protein is evidently highly polysialylated, there is further evidence to 
support the lack of polysialylation of the cleavable fusion protein (Figure 3.11, lanes 4-6). 
The neuraminidase treatments did not seem to have any affect as no band shifts were seen. 
However, this is unusual as results obtained here suggest not only is there no PSA, but core 
glycosylation appears to be abolished. Therefore, further analysis was carried out using the 
DIG glycan differentiation kit.  
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Figure 3.11: SDS-PAGE (12%) analysis of neuraminidase treated full length fusion proteins.                 
a) Coomassie staining profile, b) Anti-FN1 blot. Lanes correspond to M: prestained protein marker, 1-
3: LS-scFv-Ig5-FN1, 4-6: LS-scFv-Ig5-FN1(Xa). Neuraminidase treatments are indicated below each 
blot. The arrow at 36kDa in the coomassie blot indicates the presence of the PNGase F.  
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Figure 3.12: Anti-DIG profiles of scFv fusion proteins. a) Anti- DSA blot. Positive control is Fetuin 
lectin. b) Anti-MAA blot. Positive control for lectin glycoprotein is Fetuin. c) Anti-PNA blot. Positive 
control glycoprotein is Asialofeutin. d) Anti-SNA blot. Positive control is Transferrin. Lanes 
correspond to M: prestained protein marker, 1-4: LS-MFE-Ig5, 5-8: cleavable MFE-Ig5-FN1, 9-12: 
non-cleavable MFE-Ig5-FN1, 13: lectin positive control. Neuraminidase treatments are indicated 
below each blot.  
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The use of Digoxigenin linked lectins to identify specific glycoconjugates was exploited in 
this study to determine the presence of core glycosylation on the cleavable LS-scFv-Ig5-
FN1(Xa) fusion protein. The lectins bind to specific carbohydrate moieties, thus allowing the 
identification of specific sugar linkages.  
It is clear from the blots (Figure 3.12) that the LS-scFv-Ig5 fusion protein was not 
polysialylated as the protein stained mostly negative.  However, core glycosylation seemed to 
be present as terminal α-(2-3) and α-(2-6) sialic acids could be detected (blots b & d).  The 
data obtained for the non-cleavable LS-scFv-Ig5-FN1 fusion protein further supports 
previous findings (Chen et al., 2012a) by showing polysialylation of the fusion protein. DSA 
detection recognizes Gal-β(1-4)GlcNAc linkages, thus it would be expected to appear 
positive in sialylated compounds, with more prominent staining observed upon Exo-N 
(Acetyl-neuraminyl hydrolase) treatment as the β1-4 linked galactose becomes more exposed. 
A distinct smearing of bands was seen for the non-cleavable fusion protein, which was 
retained upon Endo-N and Exo-N treatments. As expected, the bands disappeared upon 
PNGAse F hydrolysis (Figure 3.12a, lanes 9-12). A similar pattern was seen with the 
cleavable full length fusion protein; however the bands were not as clear (lanes 5-8). 
Nonetheless, positive staining indicated the presence of Gal-β(1-4)GlcNac linkages. MAA 
recognizes Neu5Acα (2-3)Gal, thus indicating the presence of sialic acid. Whilst, the LS-
scFv-Ig5 and LS-scFv-Ig5-FN1 fusion proteins showed positive bands for this, the cleavable 
fusion protein produced some interesting results (Figure 3.12b, lanes 5-8). This fusion protein 
was expected to remain positively detected after Endo-N treatment, but upon PNGase F 
treatment, a very faint band remained present. This could suggest that perhaps there was 
some O-glycosylation present. Further evidence of this was seen with the PNA detection, 
which recognizes Galβ(1-3)GlcNAc linkages and is typically used to identify O-linked 
glycosidically linked carbohydrate chains. However, upon PNGase F treatment, the fusion 
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protein could no longer be detected. A final SNA blot was also carried out to detect Neu5Acα 
(2-6)Gal. Both LS-scFv-Ig5 and LS-scFv-Ig5-FN1(Xa) showed the presence of α-(2-6) 
terminally linked sialic acid.  
3.3.6 Evidence for the presence of PST within the co-transfected HEK cell lines  
To ensure that the lack of polysialylation on the cleavable scFv fusion protein was not due to 
a loss of PST, the monoclonal co-transfected HEK+PST cells were re-verified by flow 
cytometry analysis. The PST gene has a V5 tag, thus to detect its presence in the co-
transfected HEK cells, intracellular staining was carried out by fixing and permeabilising the 
cells with 2% PFA and 0.5% saponin (see methods section 2.2.5.1).  
Continuous addition of G418 antibiotic maintains the PST population, thus indicating the 
cells maintain the PST enzymes and therefore, suggesting the lack of polysialylation is not 
due to a loss of PST maintenance. However, it is interesting to observe that when the G418 
concentrations (0.25mg/ml) were not maintained with each cell passage, a double cell 
population appeared. This was observed as gradual removal of G418 in cells began to show 
more overlap between PST positive and negative (untransfected) species (Figure 3.13b) 
eventually leading to an obvious double population of cells (c) as G418 treatment was 
removed over several passages.  
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Figure 3.13: Flow cytometry profile showing the presence of PST in HEK+PST cells transfected with 
LS-scFv-Ig5-FN1(Xa) fusion protein. Cells were stained with mouse anti-V5 mouse and anti-mouse-
IgG-FITC. The red peak indicates the negative control of untransfected cells (anti-mouse-IgG-FITC). 
Geometric mean fluorescence intensities are shown above the peaks. a) Cells treated with G418, b) 
Cells without G418 maintenance over 2 cell passages, c) Cells without G418 maintenance over 
several cell passages.  
 
3.3.7 Partial cleavage of LS-scFv-Ig5-FN1(Xa) with Factor Xa protease  
Factor Xa protease is a 43kDa serine endo-peptidase, which when analysed by SDS-PAGE, 
appears as two distinct bands at ~20 and 30kDa. Traditionally, Factor Xa is used to remove 
fusion tags from expressed proteins; however, for the purpose of this study, this cleavage site 
was utilized to remove the FN1 NCAM domain from the polysialyalted MFE-23 scFv fusion 
protein (LS-scFv-Ig5-FN1).  
Despite not being able to polysialylate the desired scFv fusion protein, the cleavage of the 
fusion protein was analysed by incubating 10µg protein with 1 unit of Factor Xa. Figure 3.14 
shows the SDS-PAGE analysis of this cleavage. As expected, the non-cleavable full length 
scFv fusion protein remained intact upon Factor Xa addition (lanes 2). The fusion protein 
with the incorporated cleavage site was expected to cleave upon the addition of the protease 
leaving behind 2 distinct bands: One at 45kDa corresponding to scFv-Ig5 and another 
~15kDa corresponding to the cleaved FN1 domain. However, after much optimization trials, 
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only partial cleavage was observed. At a glance, the protein sample seemed intact, but 
looking at the anti-FN1 blot (Figure 3.14b, lane 4) a band at ~20kDa, indicates FN1 removal. 
There were also several other bands between that and the full length protein, perhaps 
suggesting partial or unspecific cleavage. The FN1 domain alone is 15kDa but the addition of 
downstream tags would increase the molecular weight slightly, thus appearing at ~20kDa. 
However, most of the protein remains intact as a strong band was seen at ~45-50kDa, similar 
to the untreated sample. The Factor Xa activity can be confirmed as it evidently cleaved the 
substrate control. Similar results were obtained for neuraminidase treated protein, thus 
verifying the cleavage site is not masked by glycosylation patterns (data not shown). The LS-
scFv-Ig5-FN1(Xa) was then denatured prior to cleavage to confirm whether steric hindrance 
prevented cleavage (Figure  3.14 iii). Although much of the protein remained intact, a 
stronger band was seen at ~20kDa confirming FN1 cleavage. A slight shift was also visible 
when compared to the untreated fusion protein.  
 
Figure 3.14: Factor Xa cleavage profile. Lanes correspond to M: prestained protein marker; 1: 
untreated LS-scFv-Ig5-FN1; 2: Factor Xa treated LS-scFv-Ig5-FN1; 3: untreated LS-scFv-Ig5-FN1(Xa); 4: 
Factor xa treated LS-scFv-Ig5-FN1(Xa); 5: MBP5-paramyosin-ΔSal control substrate (70kDa). After 
cleavage, Factor Xa produces two fragments at 42.5kDa and 27.2kDa indicated by the red arrows.  i) 
Coomassie staining; i) Anti-FN1 blot. iii) Anti-FN1 blot showing the cleaved FN1 domain after protein 
denaturation. Lanes M: protein marker, 2: untreated LS-scFv-Ig5-FN1(Xa), 2: Factor Xa treated LS-
scFv-Ig5-FN1(Xa).  
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3.3.8  Antigen binding properties of the scFv fusion proteins using ELISAs  
Having developed the cleavable fusion protein, it can be concluded that whilst core 
glycosylation had been retained, polysialylation was absent. Furthermore, it can be assumed 
the Factor Xa recognition was poorly exposed leading to partial cleavage. Further 
characterisation was carried out to determine whether the cleavable fusion protein had 
retained its binding activity. Sub-molar biotinylation of antigen, NA-1, was used to determine 
the relative absorbance values of the antibody format at a range of concentrations (Figure 
3.15). Subsequent KD values were determined (Table 4.1). Comparing the KD values of the 
full length scFv fusion protiens (LS-scFv-Ig5-FN1 +/-(Xa), it seems the binding activity of 
the cleavable fusion protein had been retained. However, these values seem much higher than 
previously reported (Chen et al., 2012a). The LS-scFv-Ig5 is also much higher than expected, 
as previous work has shown smaller fusions to scFv show greater binding activity (Chen et 
al., 2012a) 
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Figure 3.15: Sigmoidal binding-curves obtained from ELISAs illustrating the scFv fusion proteins 
binding to its antigen. ELISA plates were pre-coated with streptavidin and sub-molar ratios of 
biotinylated antigen, NA-1. Varying concentrations of the scFv fusion proteins were incubated and 
binding was detected with anti- c-myc antibody staining and reported as the absorbance at 450nm. 
a) LS-scFv b) LS-scFv-Ig5. c) LS-scFv-Ig5-FN1 d) LS-scFv-Ig5-FN1(Xa) (anti-myc). All data presented as 
the mean with error bars representing the SEM (n=3). Data points were fitted using Sigma Plot, 
Sigmoidal 4 parameter.  
 
scFv fusion protein KD Values 
(nM) 
LS-scFv 51.04 
LS-scFv-Ig5 48.48 
LS-scFv-Ig5-FN1  20.03 
LS-scFv-Ig5-FN1(Xa)  27.68 
Table 3-1: Table showing estimated KD values for each of the scFv fusion proteins used in this study. 
The values were obtained from SigmaPlot analysis (Figure 3.15) of the ELISA binding assays.  
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3.4  DISCUSSION 
Genetic fusion of an anti-CEA scFv to Ig5 and FN1 domains of NCAM allowed for 
recombinant polysialylation in mammalian cells (Chen et al., 2012a). The focus of this study 
was to design a minimal construct for full recombinant polysialylation to achieve enhanced 
pharmacokinetic properties, such as better tumour localisaion and tissue penetration. Thus, a 
Factor Xa recognition site was exploited to facilitate cleavage of the redundant FN1 domain. 
The results of this chapter highlight the importance for proper spacing between the Ig5 and 
FN1 NCAM domains to allow polysialylation to occur and showed that alterations within the 
domains eliminated polysialylation of the N-glycans on Ig5. Furthermore, the Factor Xa 
cleavage site introduced at a region speculated to be the linker between the two domains, was 
revealed to be part of the domain structure, thus sterical hindrance prevented cleavage of the 
FN1 domain.  
3.4.1 Incomplete polysialylation of the cleavable scFv-NCAM fusion protein 
Extensive studies have shown the FN1 domain is not required for pharmacokinetic function 
and is only needed to facilitate polysialylation of N-glycans on the adjacent Ig5 domain 
(Colley, 2008). Therefore, the rationale for designing a cleavable FN1 was to produce a 
smaller polysialylated antibody format with minimal structural change. The basis for 
introducing a three amino acid change in the linker from ILVQ to IEGR was to maintain the 
length of the linker, thus retaining the natural shape of the molecule with PSA. The distance 
between the FN1 and Ig5 domains has been shown to play a key role in the efficiency of PST 
docking in the reaction. Earlier speculation suggested there is flexibility in the placement of 
Ig5 glycosylation sites for polysialylation (Foley et al., 2010a). Therefore, proposing that the 
spacing between the two domains is not as crucial as initially thought. However, this was 
quickly retreated as a following study showed that inserting a three amino acid linker 
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between the two domains significantly reduced polysialylation (Foley et al., 2010b). This 
suggests that increasing the distance between Ig5 and FN1 domains, disrupts 
polysialyltransferase access to the N-glycans on Ig5, resulting in inefficient polysialylation. 
This would indicate that in fact the relationship between the two domains is relatively rigid. 
Further findings from the crystal structure of the FN1 domain revealed the presence of a 
unique acidic patch, α-helix and a QVQ sequence, thought to play a key role in positioning 
the polysialyltransferases and mediating Ig5-FN1 interactions to allow access to Asn 5 and 6 
on Ig5 N-glycans (Figure 3.16a). Disrupting specific sequences in these recognition sites 
revealed a shift in polysialylatation to O-glycans on the FN1 domain, instead of N-glycans on 
Ig5 domain (Foley et al., 2010b). Applying this knowledge may help with understanding the 
results of this study as it was not only seen that N-glycan polysialylation was eliminated from 
the cleavable fusion protein, but also there appeared to be possible O-glycosylation, detected 
using DIG-lectin detection methods (Figure 3.12).  Although, this is unlikely as treatment 
with PNGase F eliminated any staining and the PNA lectin is known to exhibit non-specific 
binding. Whilst the distance between the two domains had not been changed, modifying the 
three amino acid sequences, particularly from leucine to glutamic acid and glutamine to 
arginine may have altered the overall conformation or relative domain orientation, thus 
perhaps disrupted the accessibility of the glycosyslation sites. Further analysis of the crystal 
structure has also revealed that a portion of what was initially thought as a linker region 
between the two domains (FILVQ), is in fact part of the beta sheet (Figure 3.16b) (Foley et 
al., 2010a). Therefore, it may seem that altering sequences within the beta sheet may have a 
significant effect on the overall folding of the protein. Possible effects on altered structural 
conformation may even explain its molecular weight pattern as early purification bands seem 
to run much lower than its counterpart non-cleavable fusion proteins (Figure 3.10). 
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Figure 3.16: a) Diagram of an Ig5-FN1 monomer highlighting the three asparagines that form part of 
the N-glycosylation sites in the Ig5 domain. Amino acids in the FN1 domain that form the α-helix are 
coloured yellow and the surface acidic patch in blue. These are crucial for PST positioning and 
maintaining FN1 conformation, respectively. The figure is obtained from Foley, 2010. b) Secondary 
structure of the Ig5-FN1 NCAM domains, showing domain assignment. The [FILVQ] sequence initially 
thought to be part of the linker between the two domains is highlighted in red and is shown to be 
part of the beta strand at the beginning of the FN1 domain (http://www.rcsb.org/pdb/).  
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The significant change in molecular weight is a perplexing observation as various detection 
methods were used to identify the individual components of the fusion protein (Figure 3.17). 
Initial speculation may suggest that the FN1 domain was truncated during protein expression 
by Factor Xa protease exposure in the cell lysate. This may explain its appearance alongside 
LS-scFv-Ig5 fusion protein on a SDS-PAGE at 45kDa. However, ELISA and Western blot 
analysis with various antibodies suggested otherwise. ELISAs were carried out to confirm the 
scFv had retained its binding activity; anti MFE-23 and anti-FN1 antibodies were used to 
ensure the presence of the MFE-23 scFv and the FN1 domain, respectively; both anti-myc 
and his antibodies were used to detect the tags at the terminal end of the fusion protein and 
anti-PSA and DIG-lectins were employed to detect core glycosylation and PSA on the Ig5 
domain. Therefore, it is clear that the molecular weight discrepancy cannot be attributed to a 
truncated fusion protein as all components of the fusion protein were detected. Although, 
there was clear evidence of degradation from the IMAC profiles (Figure 3.8) as initial blots 
showed the LS-scFv-Ig5-FN1(Xa) construct at 55kDa, with the appearance of double bands 
in some of the fraction samples, but over time, this protein appeared at 45kDa. Another 
plausible explanation could be that if there was O-glycosylation on the fusion protein, its 
negative charge may have caused it to migrate faster. However, further analysis would need 
to be carried out to confirm this. An initial experiment would be to carry further assays with 
lectins specific to O-glycosylation to acquire more reliability, as the PNA lectin is known to 
detect other terminal β-Gal structures (http://www.functionalglycomics.org/).  
To confirm protein identity, proteomics would need to be carried out. Firstly, by excising the 
SDS-PAGE gel to remove the relevant band and analyse using N-terminal sequencing. 
Furthermore, mass spectrometry, MALDI-MS/MS peptide fingerprinting (Gevaert 2000) 
could also be used to confirm the identity of the cleavable fusion protein and determine its 
glycosylation patterns.  
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Figure 3.17: A schematic diagram illustrating the various detection methods used to ensure 
complete expression of a functional LS-scFv-Ig5-FN1(Xa) fusion protein had been achieved. Different 
antibodies were used to detect the scFv (anti- MFE-23), the FN1 domain (anti- FN1), the expression 
tags (anti- myc and anti- His) and the PSA (anti-PSA). DIG lectins were also employed (shown in red) 
to detect core N-glycosylation and capture ELISAs were carried out to detect scFv binding to its 
antigen. Thus, indicating full expression of the intact LS-scFv-Ig5-FN1(Xa) fusion protein had been 
achieved.  
 
3.4.2 Sterical hindrance for Factor Xa cleavage 
Many strategies have been adopted for aiding purification and detection of recombinant 
proteins. Most commonly, glutathione-S-transferase (GST) fusion proteins have a wide range 
of applications and are routinely used for antibody generation and purification as well as 
studying protein-protein interactions and use in biochemical assay. They were first introduced 
as tools for the synthesis of recombinant proteins in bacteria as the GST is not sequestered to 
inclusion bodies when expressed in bacteria and furthermore, the incorporation of GST-tags 
allows for simple affinity purification methods (Einarson et al., 2007).  There are other such 
affinity tags which can not only aid in purification but also used to facilitate removal of these 
tags from fusion proteins after purification has been achieved to prevent potential interference 
with downstream protein applications such as functional studies. Tobacco etch virus (TEV) 
131 
 
proteases are the most widely proteases which catalyse this reaction and are good tools for 
cleaving tags from recombinant proteins to produce native proteins in vivo and in vitro by 
having a high specificity for their targeting recongnition site (Wei et al., 2012).  Similarly, 
Factor Xa protease is a vitamin-K dependent coagulation serine protease which has a specific 
recognition sequence for cleavage and commonly used for removing poly-histidine tags from 
fusion proteins. Here, a Factor Xa recognition site was chosen due to the minimal changes 
required to add such a site. However, in retrospect, this may not have been the most suitable 
as another point to consider is that perhaps too short a gap may inhibit the protease from 
cleaving the molecule due to steric hindrance. This may account for the partial cleavage of 
the fusion protein observed (Figure 3.14). Looking back at the crystal structure of the Ig5-
FN1 tandem (Figure 3.16a), there is a tight junction between the two domains to assist 
polysialylation (Foley et al., 2010a) and therefore, the protease may not be accessible to the 
cleavage site. Figure 3.18, illustrates this. The Factor Xa is a large 43kDa protein that is 
required to cleave after the Arginine in its recognition site. The close junction between the 
Ig5 and FN1 domain prove it is sterically very difficult for the protease to access this, thus 
offering a plausible explanation for the incomplete cleavage of FN1 domain. Furthermore, 
aside from being a large 43kDa protease and requiring correct conformation for efficient 
cleavage, like thrombin, which is another serine protease, its specificity is not absolute and 
therefore, can cleave at other sequence sites within the protein (Jenny et al., 2003). 
132 
 
 
Figure 3.18: A schematic diagram illustrating the tight junction between Ig5 and FN1 NCAM domains 
and the site at which Factor Xa cleaves. This illustration highlights the structural hindrance for 
allowing efficient Factor Xa cleavage. Ser401 indicates the start of the Ig5 domain and Pro 597 
indicates the end of the FN1 domain. The predicted linker region (FILVQ) is highlighted in purple, 
where the Gln496 was mutated to an arginine residue. Factor Xa is displayed in red, with its active 
highlighted in green. Figure created using Jmol software.  
 
3.5  CONCLUSION 
Introducing amino acid substitutions within the Ig5-FN1 domains completely abolished 
polysialylation highlighting the importance of proper spacing between the Ig5 and 
FN1domains and proving its fundamental role in allowing N-glycosylated polysialylation. 
Another approach would, therefore, need to be explored to develop a minimal polysialylated 
antibody fusion protein, whereby the junction between the Ig5 and FN1 domains would 
remain in space and sequence.  
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CHAPTER 4  
Evaluation of a therapeutic target for 
PSA application 
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4.1 INTRODUCTION  
A novel approach of recombinant polysialylation has recently been developed, which relies 
on post-translational modifications in mammalian cells to attach sialic acid residues on to 
antibody fragments (Chen et al., 2012a). The receptor-antigen model was successful in 
exemplifying extended serum half-life and increased tumour uptake, however, its low 
specificity for tumour localization and the need to show therapeutic benefits for this 
technology prompted the current investigation. Initial work began with identifying a suitable 
target, which was soluble and finding antibody fragments targeted against it for later PSA 
application.   
Inappropriately expressed cytokines are most commonly known for their contributions to 
inflammation and autoimmune diseases. However, over the last decade, their involvement in 
tumour growth and progression has been evident. In particular, the pleiotropic cytokine, 
interleukin-6 (IL-6), has been affiliated with not only inflammatory diseases, but also with a 
range of cancers, particularly prostate cancer (Ara and Declerck, 2010). 
IL-6’s contribution to prostate cancer metastasis and the vast evidence of the pro-
tumourogenic role of IL-6, has allowed for the development of various strategies to block and 
neutralise overexpressed IL-6 (see Introduction, section 1.1.3). The development of anti-IL-6/ 
IL6-R scFvs, exhibiting high binding affinities and neutralizing effects (Gejima et al., 2002; 
Yoshio-Hoshino et al., 2007) overcome some of the limitations associated with Fc-induced 
full length antibodies (see Intoduction section 1.2).  This study highlights two scFvs targeted 
against IL-6 to model the therapeutic benefits of genetically engineering these antibody 
fragments for recombinant polysialylation. This chapter focused on characterizing the 
potency of these antibody fragments and investigated their suitability to target overexpressed 
IL-6 in a prostate model.  
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Initial characterization involved the refolding and purification of bacterially expressed 
recombinant IL-6. The overproduction of IL-6 in E. coli is a common procedure as it shows 
the same specific acitivity as natural IL-6 in biological assays on B-cells (Tonouchi et al., 
1988), in particular the B9 cell model. Preparation of IL-6 began with fusion proteins to help 
stabilize the IL-6 integrity in bacterial cells (Tonouchi et al., 1988) and has since evolved to 
the commercially used method of engineering E. coli expression vectors to produce 
recombinant human IL-6 (rh.IL-6) as a full-length native protein (Arcone et al., 1991).  The 
production of heterologous proteins as inclusion bodies is a common problem in E. coli 
systems, which produce low yields following refolding, primarily due to the presence of 
aggregates. Much work on optimizing refolding process has been explored and found that 
low concentrations of denaturants, such as guanidinium chloride (GdnHCl) or urea, can 
reduce aggregate formation during refolding processes (Hevehan and De Bernardez Clark, 
1997). Extraction of native IL-6 from inclusion bodies could be achieved by gradual 
glutathione-assisted oxidation in denaturing conditions to prevent aggregation (Ejima et al., 
1999) and is currently the technique used in the commercial field to produce large scale 
expression of IL-6. This study has utilized this technique to refold bacterially expressed IL-6 
to aid characterization of α-IL-6 antibodies and to later model biological activity in- vitro (see 
chapter 6).   
To determine accurate refolding on the rh.IL-6, circular dichroism (CD) can be employed, 
particularly as the IL-6 is structurally composed of a bundle of α-helices. CD is a valuable 
technique for examining the secondary structures of proteins in solution (Kelly et al., 2005) 
and particularly useful for determining whether a purified protein is accurately folded or if it 
undergoes conformational changes due to temperature, mutations or binding (Greenfield, 
2006). CD is a rapid tool, which relies on the differential absorption of left-handed and right-
handed circularly polarized light. The absorption of radiation produces a CD signal and thus, 
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spectral bands can be used to assign distinct structural features of a molecule (Kelly et al., 
2005). Some of the structural information provided by CD studies of proteins includes 
quantitative analysis on secondary structure composition and overall structural features, 
protein folding and conformational changes, amongst many others. In this study, CD has been 
utilized to determine the helix structure of the refolded rh.IL-6. Absorption, typically in the 
region of 190 – 240nm, due to the peptide bond in proteins produces characteristic CD 
spectra in the far UV region, which can be attributed to the different types of regular 
secondary structures found in proteins (Figure 4.1).  Typically, α-helical proteins have 
minima absorptions at 222nm and 208nm and maxima absorption at 193nm (Greenfield, 
2006).  
 
Figure 4.1: Figure showing the Far UV CD spectra of the different types of secondary structure in a 
protein, highlighting the typical spectra of an α-helix. Key: solid line represents the α-helix, the long 
dashed line, represents the anti-parallel β-sheet, dotted line indicates type I β-turn, crossed-dashed 
line is the poly (Pro) II helix and the short dashed line indicates an irregular structure. Figure 
modified from Kelly et al, 2005.  
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Data from the far UV CD spectra can be applied to a number of algorithms, which provide 
estimations of the secondary structure composition of proteins. An online server, known as 
DICHROWEB has been developed (Lobley et al., 2002), which allows data to be entered in a 
number of formats to be analysed by various algorithms. The databases comprise of CD 
spectra of proteins of various fold types, whose structures have been resolved, primarily by 
X-ray crytallography and therefore, can estimate secondary structure composition based on 
these datasets (Kelly, 2005).  Among the many algorithms present, SELCON (self-consitent) 
and KD2 are a few of the most widely used (Sreerama and Woody, 2004). Based on this, it is 
important that aside from accurate CD calibration and protein concentration determination, 
the results of using different algorithms should be compared to achieve reliable estimations of 
secondary structure and ultimately, the results obtained should be used with caution as CD is 
not an accurate measure of protein structure.  Nonetheless, it is a rapid technique, widely used 
by many to determine protein folding and thus, was used in this investigation to confirm the 
helical structure of the refolded rh.IL-6.  
4.2 AIMS & OBJECTIVES: 
The aim of this study was to characterise a therapeutic target to which high affinity scFvs can 
be used as a foundation for the application of recombinant polysialylation. The objective of 
this study included: 
 Expressing recombinant IL-6 in E.coli 
 Identifying & expressing 2 IL-6 binding scFvs in E.coli; one which binds and 
neutralizes its activity, and another which binds but does not neutralize, thus serving 
as a control. 
 Characterizing their IL-6 binding and IL-6 receptor blocking ability. 
 Illustrating IL-6 blocking potency in prostate cell lines.  
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4.3 RESULTS 
4.3.1 Bacterial expression of recombinant IL-6 
Preparation of recombinant IL-6 was carried out by expressing the pRSET plasmid encoding 
human recombinant IL-6 (rh.IL-6) (Figure 4.2, kindly gifted from Prof. Rose-John, Germany) 
in the BL21 (DE3) Lyse E strain. The rh.IL-6 was isolated from E.coli bacteria by lysing the 
cells using a French Press and refolding with guanidinium hydrochloride before subjecting to 
anionic exchange purification (see methods section 2.3).  
 
Figure 4.2: A schematic showing the pRSET vector with the human IL-6 cloned in using restriction 
enzymes Nco I and Hind III. The vector containing the cloned human IL-6 was kindly gifted from 
Professor Rose-John, Cambridge.  
 
Figure 4.3 shows the IL-6 ion exchange profile. Increasing concentrations of NaCl (10-
500mM) were used to elute the purified protein. From Figures 4.3 a and b, it is clear most 
protein was eluted at 50mM and any remnants bound to the column were eluted with 250 and 
500mM NaCl. It is interesting to note a very prominent band at ~21kDa appeared in the 
pellet, supernatant and flow through, suggesting that firstly, not all the protein had been 
expressed in its soluble form and furthermore, the protein that had been expressed had not 
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bound to the DEAE-Sepharose column well, thus was easily washed away with running 
buffer (Figure 4.4a, wash lane). Therefore, it became apparent more optimisation of the 
binding conditions was required. Initially, the pH of each of the buffers used was re-verified, 
the DEAE-Sepharose was then re-equilibrated and protein samples were once again passed 
through. Based on observations from the first expression profile, most protein was eluted at 
50mM, therefore, on this account, rh.IL-6 was eluted with 50mM NaCl and 500mM to ensure 
any remnants of the protein were stripped off the column (Figure 4.3c). The supernatant in 
this instance corresponded to the flow through from the first profile. Yet again, a significant 
amount of protein was passed through the column in the flow through and wash steps. This 
time, the rh.IL-6 at 21kDa was only eluted with 500mM NaCl as no bands appeared with 
50mM elutions. Despite not having fully optimised the binding conditions of the anion 
exchange column, 11mg of IL-6 was obtained from 1 litre expression, quantified by 
NanoDrop and therefore, enough to continue with further characterisation. The purity of the 
elutions was assessed based on the visibility of other impurity bands and from the second 
expression profile (Figure 4.3c). No impurity bands were observed in the elution columns 
thus, assumed samples were practically (<95%) pure.  
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Figure 4.3: Anion Exchange Expression profile for refolded rh.IL-6.  a & b) show elution of purified 
protein with increasing NaCl concentration in duplicates. c) Re-equilibrated DEAE sepharose column 
with 50 and 500mM elutions. The supernatant corresponds to the FT from the first expression (a).  
 
4.3.2 Confirming rh.IL-6 structure 
To ensure the purified rh.IL-6 had refolded to resemble its native IL-6 form, circular 
dichroism was carried out. Using DichroWeb, a KD2 model was used as a standard fit to 
compare the data (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml). From the analysis, it 
could be concluded the rh.IL6 possessed 60% α-helix, 7% β-sheet, 32% random coil. This 
was also re-confirmed using the SELCON3 model, confirming the purified rh.IL-6 had 
refolded into its native confirmation.  
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Figure 4.4: a) Circular Dichroism profile of rh.IL-6. Data analysed using DichroWeb using the KD2 
model (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml). The blue curve represents the IL-6 
standard fit, the green represents the experimental data and the purple corresponds to the 
residuals. The analysis programme confirmed 60% α-helix, 7% β-sheet, 32% random coil. Least 
square distance: 137.5, Error: 0.22. b) Solution structure of human recombinant IL-6 solved by NMR. 
Figure obtained from Xu et al., 1997. The individual helices are labeled A-E.  
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4.3.3 Targeting IL-6 with scFvs 
Gejima et al isolated a human IL-6 specific scFv antibody with neutralizing activity using 
phage display selection (Gejima, 2002). This antibody was shown to block IL-6 signalling in 
IL-6 dependent tumour cell proliferation and thus was identified as a good antibody for this 
project. Having obtained the protein sequence from the publication (Gejima, 2002), it was 
sent to GeneArt to convert into a codon optimized DNA sequence to allow subsequent 
cloning.  
As a control, a non-neutralising antibody was also identified; one which bound  IL-6 but did 
not interfere with its signaling (gift from Rose-John, Krebs, 1998).  
4.3.4 Bacterial expression of anti-IL-6 scFvs 
The neutralizing anti-IL6 scFv (810bp) originally discovered by Gejima et al (Gejima 2002) 
was produced and cloned into a GeneART standard vector (pmKT) by GeneART. Having 
obtained the DNA, it was digested to expose Nco I and Not I restriction sites to facilitate 
subsequent cloning into the pUC119 E.coli expression vector. Once the scFv was ligated into 
the pUC19 plasmid in 1:1 and 1:3 vector: insert ratios, it was chemically transformed into 
chemically competent E. Coli HB2151 cells using the heat-shock transformation procedure 
and diagnostic restriction digests were carried out to confirm the insert (Figure 4.5). The IL-
6- specific scFv at 810bp, labelled ‘HA’, due to the presence of a HA purification tag, was 
identified in the constructs by DNA sequencing and plasmid sample 3 (Lane 7) from a 1:3 
ligation reaction was selected for large scale bacterial expression (Figure 4.5). The coomassie 
staining displayed many non-specific binders in the early elution fractions, but the anti-his 
blot confirmed the identity of the scFv as a single band at 30kDa (Figure 4.6) with a reported 
yield of 2.4mg.  
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Figure 4.5: a) Schematic showing the insertion of restriction sites on the neutralising scFv (HA)  for 
facilitating  subsequent cloning. b) Diagnostic restriction digest to show scFv inserted in to the 
pUC119 vector. Lanes: M corresponds to DNA Hyperladder I, 1-4 show colonies picked from 1:1 
ligations, lanes 5-8 show colonies picked from 1:3 vector to insert ligations.  
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Figure 4.6: Expression profile of IL-6 neutralising scFv, HA. SDS PAGE (12%) and western blot analysis 
of IMAC purified anti-IL-6 scFv detected using a) coomassie and b) anti-His. Lanes: M represents the 
prestained protein marker, Sup: supernatant media collected directly from the bacterial cells prior to 
purification, FT: flow through samples from the Talon® column, wash 1& 2: PBS wash steps, lanes 1-
10: elution fractions (250mM Imidazole). 
 
A non-neutralising anti-IL6 scFv clone which had been shown to exhibit good binding 
properties was kindly gifted by Prof. Rose-John (Krebs et al., 1998). It had previously been 
subcloned into the pHEN2 vector upstream of  His- and myc- tags between the restriction 
sites Nco I and Not I. Chemical transformation into HB2151 cells allowed for large scale 
expression of the antibody, labeled H1 (Figure 4.7). Again, the coomassie staining displayed 
a lot of non-specific binding in the elution fractions, which was not observed upon anti-his 
western blotting confirming the production of non-neutralising anti-IL-6 scFv, H1 with a 
final yield of 4mg.  
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Figure 4.7: Expression profile of IL-6 non-neutralising scFv, H1. SDS PAGE (12%) and Western blot 
analysis of IMAC purified anti-IL-6 scFv detected  using a) coomassie and b) anti-His. Lanes: M 
represents the prestained protein marker, Sup: supernatant media collected directly from the 
bacterial cells prior to purification, FT: flow through samples from the Talon® column, wash 1& 2: 
PBS wash steps, lanes 1-8: elution fractions (250mM Imidazole). 
 
4.3.5 Determining binding properties of anti-IL-6 scFvs 
Having expressed and purified rh.IL-6 in appropriate quantities and confirmed its refolded 
confirmation, the rh.IL-6 was tested for its functionality. To ensure the rh.IL-6 had retained 
its binding properties, an initial ELISA was carried out to compare the binding of the rh.IL-6 
with the commercially available human IL-6 (c.IL-6, also documented by Invitrogen to be 
produced the same way as the rh.IL-6 in this study) with a commercial anti-IL-6 IgG 
(mAb206, see methods 2.5.4) (Figure 4.8). Binding was measured as the absorbance at 
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450nm for a range of antibody concentrations. The data clearly showed the rh.IL-6 bound 
with greater affinity to the α-IL-6 IgG than the c.IL-6 thus, confirming the purified rh.IL-6 
has retained its immuno-reactivity.  
 
 
Figure 4.8: Assessment of functionality of the c.IL-6 vs in-house rh.IL-6. IL-6 was immobilised onto an 
ELISA plates and captured with 3 different concentrations of anti-IL-6 IgG. Bound IgG was detected 
with anti-mouse IgG-HRPO and reported as the absorbance at 450nm. Data presented as the mean 
with errors bars representing the SEM (n=3).   
 
4.3.6 Determining binding affinities of the anti-IL-6 scFvs  
Confirming the rh.IL-6 had retained its binding activity, it was used to determine the binding 
affinities of the anti-IL-6 scFvs. Avidin was immobilised onto ELISA plates which then 
captured sub-molar ratios of biotinylated antigen (rh.IL-6) (see method section 2.6.9) and 
increasing concentrations of each of the antibodies was incubated. The binding of the 
antibodies was detected as the absorbance values at 450nm (Figure 4.9). Data was fitted using 
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SigmaPlot and the KD values were determined from each of the plots (Table 4.1). As 
expected for a full length IgG, the KD was estimated at ~4.5nM, whilst the scFvs showed 
much lower binding affinities in the 100-200nM range. The non-neutralising H1 scFv 
estimated at 97nM supported Kreb’s determined KD of 102nM (Krebs, 1998).  However, the 
neutralising HA scFv was previously reported at a KD of 0.16nM by Gejima et al, 2002, 
which did not correspond to the findings in this study.   
 
Figure 4.9: Sigmoidal binding curves obtained from ELISAs illustrating the antibodies binding to sub-
molar ratios of biotinylated IL-6 antigen. a) anti-IL-6 IgG (mAb206) detected with anti-mouse-IgG 
HRP b) scFvs detected with anti-His HRP. All data presented as the relative change in binding, 
expressed as the mean with errors representing the SEM (n=3). Data points were fitted using Sigma 
Plot, Sigmoidal 4 parameter.  
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Antibody KD (nM) 
IgG mAb206 4.6 
H1 scFv 97.8 
HA scFv 234.9 
Table 4-1: Table showing the estimated KD values obtained from ELISA for each of the anti-IL-6 
antibodies used in this study.  
 
4.3.7 Inhibitory activity of anti-IL-6 scFvs on the binding of IL-6 to its receptor, IL-
6Rα 
In order to confirm the inhibitory activity of the scFvs, initial optimisation studies were 
performed. This entailed a series of events. Firstly, the minimal IL-6 concentration required 
to generate a detectable absorbance value was explored (Figure 4.10a). From the plot, this 
was estimated at 1µg/ml of biotinylated rh.IL-6. Following this, absorbance values were 
observed at a range of antibody concentrations to determine sub-saturating (80%) binding 
response (Figure 4.10b,c,d). The concentration at which sub-saturating binding was achieved 
was documented at 0.625µg/ml for α-IL-6 IgG, 10µM for the H1 scFv and 2.5µM for the HA 
scFv.  
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Figure 4.10: Sigmoidal binding curves obtained from ELISAs showing the optimisation conditions for 
IL-6 and scFv binding for subsequent receptor binding assays. a) Biotinylated rh.IL-6 binding profile 
detected using anti-streptavidin-HRP. (b,c,d) Minimal rh.IL-6 binding with each IL-6 specific antibody.  
Data presented as the absolute binding at 450nm, expressed as the mean with errors representing 
the SEM (n=3). Data points were fitted using Sigma Plot, Sigmoidal 4 parameter.  
 
Having achieved the correct conditions for binding, the IL-6 receptor, IL-6Rα, was 
introduced to determine the amount of receptor required to remove 50% IL-6 from the plate 
and generate an apparent IC50 of the receptor in the presence of the different anti-IL-6 
antibodies (Figure 4.11). The IgG plot (Figure 4.11a) clearly indicates that the affinity of IgG 
for IL-6 was very high, thus requiring a concentration greater than 1µg/ml of the IL-6 
receptor to achieve 50% and complete displacement of binding. As expected from earlier 
binding experiments, the neutralising HA scFv, known to interrupt with IL-6R binding, 
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exhibited much lower binding affinity, thus an IL-6R IC50 of 15ng/ml was estimated, 
compared to ~500ng/ml for the IgG. The non-neutralising H1 scFv, known to bind IL-6 but 
not disrupt IL-6R binding as anticipated, showed no effect upon IL6-R introduction.  
 
Figure 4.11: Inhibitory activity of IL-6 specific antibodies on the binding of IL-6 to IL-6Rα using 
competition ELISAs. Dose ratios of antibodies were determined in accordance to 80% binding 
response with minimal antigen. A range of IL-6Rα concentrations were introduced to displace IL-6 
binding. Data points were fitted using SigmaPlot and represent a mean average of the absolute 
absorbance values at 450nm, with error bars representing SEM (n=3).  
 
Antibody  IC50  (ng/ml) IC50  (nM) 
IgG (mAb206) 523.6 3.5 
H1 N/A N/A 
HA 15.3 0.5 
 
Table 4-2: Table showing the IC50 of the receptor in the presence of the different IL-6 specific 
antibodies determined by competition ELISA assays. Values obtained from figure 4.11. 
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4.3.8 Functional application of IL-6 and its Antibodies  
To quantify the human IL-6 concentrations in cell culture supernatants; Quantikine
® 
human 
IL-6 Immunoassay ELISA kit was used. Briefly, an IL-6 specific monoclonal antibody had 
been pre-coated onto a microplate. Standards and samples were then added to the wells and 
any IL-6 present bound to the immobilized antibody. Any unbound molecules were washed 
away before an enzyme-linked polyclonal antibody specific for IL-6 was added. Following 
another wash, a substrate solution was added to the wells and colour developed in proportion 
to the amount of IL-6 bound in the initial step. The optical density was measured by 
absorbance at 450nm. IL-6 standards, provided in the kit allow for the determination of IL-6 
concentrations (Figure 4.12). 
 
Figure 4.12: IL-6 Standard curve of optical density at 450nm plotted against concentration and 
substracted against the zero standard absorbance. This method was used to quantify amount of IL-6 
in the test samples.  
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For each set of samples, IL-6 standards were carried out and all samples were assayed in 
duplicate.  Human prostate cancer cell lines were tested to identify cell lines expressing 
endogenous IL-6, thus indicating suitability for exhibiting anti-IL-6 responses. Five human 
prostate cancer cell lines were chosen; androgen-sensitive LnCAPs, androgen insensitive 
DU145 and PC3s and a non-tumourogenic PNT2-C2 cell line. Two variants of PC3 cell lines 
were tested; PC3 known as  the parental cell line derived from prostate adenocarcinoma and a 
metastatic variant,  PC3-M (Kozlowski, 1984) have previously been shown exhibit ant-IL-6 
effects (Smith, 2001). From Figure 4.12 it is clear that the LnCAPs did not appear to secrete 
any IL-6, whilst the normal non-tumourogenic PNT2-C2 cells expressed in high quantities. 
There appears to be controversy surrounding the effects of IL-6 on LnCAPs. Whilst some 
studies have shown IL-6 to promote LnCAP growth (Lee, 2003), others have showed no 
detectable IL-6 expression in LnCAPs or its affect on proliferation (Chung et al., 1999; 
Twillie et al., 1995). The findings in this study support the later and for that reason, no further 
characterisation with LnCAPs was carried out. There appeared to be little difference between 
the DU145 and PC3s, both reported to express IL-6 and respond to neutrailising antibodies 
(Chung et al., 2000; Smith and Keller, 2001) and therefore, PC3 cells were chosen for all 
proceeding assays.  
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Figure 4.13: IL6 detection assay of PC3, PC3-M, LnCaPs, DU145, PNT2-C2 prostate cell lines to 
determine amount of IL-6 in culture supernatant. ELISA plates were coated with mouse anti-IL-6 Ab 
and media from the culturing cells was added and left to incubate for 2 hours. The presence of IL-6 
in the supernatant was measured as the absorbance at 450nm using a two-step detection method 
consisiting of IL-6 polyclonal Ab staining followed by an anti-IL-6 Ab HRPO conjugate. All data is 
presented as the mean average with error bars representing the SEM (n=3).  
 
Cell proliferation assays were carried out on PC3 cells to show the blocking of endogenous 
IL-6 by the antibodies using MTS proliferation assays (Figure 4.14).  From the plots, it is 
clear that the antibodies did not exhibit much change to cell proliferation. It can be speculated 
that the monoclonal IgG may have shown a slight decline in cell proliferation at the higher 
concentrations, however, the scFvs showed very little change. The non-neutralising scFv, H1 
was expected to have no effect, however, the neutralising HA scFv, even at 100nM, 10-fold 
greater than the highest IgG concentration, displayed no significant change to cell 
proliferation. It was then speculated that perhaps chemotherapy drugs could be used to 
explore the combination effects, as the antibodies may further sensitise the cells to the 
chemotherapy drugs (Figure 4.15).  
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Figure 4.14: MTS cell proliferation assays of PC3 cells. Cells were subjected to the addition of a range 
of antibody concentrations for 48 hours and proliferation was determined by absorbance at 490nm 
and normalized to 100 % cell growth in the absence of antibody treatment. a) Addition of 
monoclonal IgG (mAb206); b) IL-6 specific scFvs, H1 and HA. Data presented as the mean average 
with error bars representing the SEM (n=3).  
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Figure 4.15: MTS proliferation assays on PC3 cells with combined treatment of chemotherapy drugs 
and anti- IL-6 specific mAb. All treatments were carried out over 48 hours. Proliferation was 
determined by absorbance at 490nm and normalized to 100 % cell growth in the absence of any 
treatment. a) Proliferation profile of chemotherapy alone; b) Increasing concentration of etoposide 
+ two set concentrations of anti-IL-6 monoclonal IgG. Data presented as the mean average with 
error bars representing the SEM (n=3). 
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Initial optimisation assays were carried out to determine the effects of chemotherapy and 
antibodies on PC3-P cells (data not shown). It was decided 5µg/ml and 10µg/ml of the 
monoclonal IgG specific for IL-6 illustrated the greatest change in cell proliferation. Both, 
Etoposide and Doxorubicin chemotherapy drugs, reported to exhibit anti-proliferative effects 
on PC3 cells (Smith and Keller, 2001; Thomadaki et al., 2009) were tested and revealed that 
the cells showed sensitivity to the Etoposide as at high concentrations, all cells were killed. 
Therefore, a set concentration of antibody was tested with increasing concentrations of the 
drug (Figure 4.15b) and the data showed a considerable change in cell proliferation. 10µg/ml 
antibody with a range of Etoposide was chosen. These assays were also carried out at set 
Etoposide concentrations, with a range of antibody concentration to confirm these findings 
(data not shown).  
The MTS assays illustrated the antibody in conjunction with chemotherapy drug had a 
significant effect on PC3-P cell proliferation.  To further these findings, cell cycle 
distribution was investigated using flow cytometry to determine whether the decline in cell 
proliferation, seen with the MTS was due to cell cycle arrest of cell death. Cells were stained 
with Propidium Iodide to generate a profile of the cell cycle (Figure 4.16). Looking at the 
histograms, it appeared that there was a G2/M phase cell cycle arrest with the Etopside. 
Conversely, at the highest concentration of 500µM, there was a substantial loss of cells in the 
G2/M phase. Nonetheless, an important observation was that the profiles between the 
Etoposide alone and with the monoclonal antibody was almost identical, suggesting the 
antibody was not having any effect on the PC3-P cells and the change in cell proliferation 
displayed with MTS, was in fact due to the Etoposide alone. This was illustrated in figure 
4.17, where the overall percentages of cells in each phase of the cell cycle were plotted in a 
bar chart. Small, but insignificant changes were noticeable between the treatments and 
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overall, the addition of the monoclonal antibody was having little effect on the cells. It is for 
this reason; the effect of the scFvs was not explored further on this particular model. 
 
Figure 4.16: Flow cytometry profiles showing cell cycle distribution. Cells were treated with 5µg/ml 
anti-IL-6 monoclonal IgG with a range of Etoposide concentrations, described above each plot. The 
histograms illustrate the effects on cell cycle with chemotherapy alone and in combinantion with the 
antibody. All treatments were carried out for 24 hours. Histograms were plotted using FlowJo and 
cell cycle phases were annotated according to the Watson statistical model.  
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Figure 4.16 continued: More flow cytometry profiles showing cell cycle distribution of cells treated 
with higher concentratios of Etoposide (50-500µM) and 5µg/ml anti-IL-6 monoclonal IgG. The 
histograms on the left illustrate the effects on cell cycle with chemotherapy alone and to the right 
are the plots showing in combinantion with the antibody. All treatments were carried out for 24 
hours. Histograms were plotted using FlowJo and cell cycle phases were annotated according to the 
Watson statistical model.  
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Figure 4.17: Bar chart representing the overall percentage of cells in each phase of the cell cycle (G1, 
S, G2) during different Etoposide +/- Ab treatments. Data obtained from Figure 4.16. Data presented 
as the mean average with error bars representing two repeats.   
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4.4 DISCUSSION 
In this present study, a soluble therapeutic cytokine target, IL-6, known to play key roles in 
immune and inflammatory responses as well as in the progression of many cancers was 
chosen (Corcoran 2003). To form the foundations of the subsequent application of the 
recombinant polysialylation technology, bacterially expressed scFvs targeting IL-6 were 
analysed. The characterisation of the scFvs showed good binding to bacterially expressed 
rh.IL-6, with one scFv showing neutralising activity by exhibiting receptor inhibiton, whilst 
the other served as a control. Preliminary experiments were conducted to show effective scFv 
activity but failed to show a functional effect on prostate cell lines, impeding following in 
vivo characterisation and highlighting the need for an IL-6 dependent cell line.  
4.4.1 rh.IL-6 expression 
In this study, the importance of targeting IL-6 cytokine in human prostate cancer cells was 
examined. This was firstly accomplished by the large scale bacterial expression of 
recombinant human IL-6. Despite producing 11mg of rh.IL-6 according to published 
methodologies (Arcone, 1991), much optimisation was required to purify the refolded rh.IL-6 
using anion exchange. As evident from Figure 4.3, a considerable amount of unbound protein 
was washed through the column and appeared in the flow through and wash samples. 
Comparing the bands in the pellet and supernatant samples, suggested that not all the protein 
present in the pellet was solubilised with guanidinium hydrochloride. More importantly, 
several speculations can be made from the inefficient binding of refolded rh.IL-6 protein. 
One proposal is that the DEAE-sepharose column was overloaded with protein, thus a large 
portion was unable to bind and washed straight through. Another could be the 50mM 
Tris/HCl buffer reported to be optimal at pH8.9 (Arcone, 1991) may not be entirely accurate 
and further optimisation with various pH may need to be carried out. However, one 
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possibility could be that a portion of the protein may not be refolded completely, therefore, 
running straight through the column.  
The eluted samples were all pooled together and the structure of the purified recombinant IL-
6 was verified using circular dichroism to ensure the purified protein was correctly refolded. 
The data obtained from CD was analysed using DichroWeb and two analysis programmes, 
SELCON 3 and KD2 to confirm the nature of the secondary structure of the protein. It is not 
surprising the experimental data fit the model data of IL-6’s helical nature, since the method 
used to express and purify the protein, reflects the method used to produce commercial 
recombinant human IL-6 (c.IL-6). The solution structure of bacterially expressed IL-6 was 
resolved in 1997 by Guang-Yi Xu et al using NMR spectroscopy and confirmed with X-ray 
crystallography (Somers, 1997) found that the human IL-6 is composed of five α-helices 
interspersed with variable length loops and is 56% α-helical in structure. The estimation of 
60% reported in this study from CD analysis is in agreement with published findings (Guang-
Yi Xu, 1997). Although there are more accurate and defined techniques for determining 
protein structure, CD is a quick and efficient tool for producing quantative estimates of 
secondary structures which can be compared to actual X-ray crystallographic and NMR 
structures. It is particularly useful in analysing the stability of folded proteins and specifically 
for estimating α-helix compositions. Since the structure of IL-6 has been solved and its 
helical nature provides a defined CD spectrum, it has been a useful tool in this study to 
confirm appropriate refolding of the rh.IL-6 by comparing the experimental results of the 
folded state of rh.IL-6 to documented helical structures, more specifically, IL-6. CD analysis 
relies on a number of factors, for example, accurate protein concentration and the use of 
database algorithms are just some of the few. By comparing results from different algorithms, 
the analysis can be considered reliable if similar secondary structural features are obtained 
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and therefore, this study has utilised two independent aligoriths, SELCON-3 and KD2 models 
to confirm the helical composition of the refolded rh.IL-6.  
 
Figure 4.18: Graphical representation of human IL-6. a) Solution structure representing the biological 
assembly of human IL-6. b) Graphical representation of the human IL-6 sequence with the seconday 
structures annotated. Images captured from Protein Data Bank (PDB) 
(http://www.rcsb.org/pdb/explore/remediatedSequence.do?structureId=2IL6).  
 
Further characterisation of the fully refolded human recombinant IL-6 protein involved 
ensuring the binding properties had been retained. This was examined using an ELISA assays 
to compare the binding of the rh.IL-6 versus the c.IL-6 to a commercial anti-IL-6 monoclonal 
IgG (mAb206). It is quite apparent from figure 4.8, that the rh.IL-6 bound with greater 
affinity to the monoclonal antibody than the c.IL-6, documented to also have been prepared 
using the same methodology. Since they are both produced in the same way, a plausible 
explanation for its better binding ability could be due to it being freshly prepared and used 
immediately or the large scale commercial expression may not be as potent as small scale 
laboratory expression, but still adequate enough to function effectively. Nonetheless, the 
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findings here have confirmed the rh.IL-6 had not only refolded correctly but had also retained 
its binding properties, exhibiting binding greater than its commercially bought counterpart.  
4.4.2 Characterising anti-IL-6 scFvs 
Recognising IL-6 as a suitable target for subsequent application of the recombinant 
polysialylation tool, two suitable human IL-6 specific scFv antibodies were identified from 
the literature.  
Krebs et al, isolated a scFv directed against IL-6 from a semisynthetic phage library (Krebs, 
1998). Although binding to IL-6 with good affinity (100nM) and avidity using ELISA 
binding assays, epitope mapping recognised the scFv bound at a region far from the defined 
regions of IL-6 interactions with its receptors, IL-6R and gp130. Therefore, the H1 scFv did 
not exhibit any neutralising properties (Krebs, 1998).  The findings in this study are in 
agreement of this as it was estimated the H1 scFv had an affinity of 97nM and exhibited no 
interaction with the IL-6 receptor, both determined using ELISAs.  
Gejima et al, also discovered an IL-6 specific scFv using non-immune human scFv phage 
display libraries (Gejima, 2002). They reported on a clone able to block IL-6 signalling for 
IL-6 dependent tumour cell proliferation. By obtaining the codon optimised genetic sequence 
of this particular clone by GeneArt, from the protein sequence documented in the publication, 
the scFv was cloned into an appropriate expression vector to express and purify this particular 
antibody. Judging by the yields of the two antibodies, it is interesting to note that the codon 
optimised HA antibody did not express as well as the phage-derived H1 antibody, reporting a 
final yield of almost two-fold less. This was surprising as one would expect a codon 
optimised antibody to be better expressed.  The HA scFv exhibited similar binding properties 
to the H1 antibody, with an estimated affinity of 234nM (Table 4.1). However, published 
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work on this scFv reported a KD of 0.16nM. In addition, the scFv was affinity matured 
(Gejima, 2002) during phage selection and so it would be expected to show high binding 
affinity binding, but, the results of this study suggest otherwise. A plausible explanation for 
such great differences in KD values could be the mode of analysis. Whilst, the estimated KD 
values were derived from ELISA assays, the reported study derived the KD from BIACore 
analysis, where the data appeared to show complete saturation of the CM5 chip used, thus 
naturally displaying greater binding properties. Furthermore, the protein preparation included 
both monomer and dimer forms in 48% and 28% ratios, respectively (Gejima 2002). 
Therefore, it is not surprising they reported such high binding affinities, which are 
uncommon for scFvs given that monoclonal IgGs tend to have binding affinities in the 10
-9
M 
range. This is evident with the estimated KD value of 9.7nM for the monoclonal IgG, 
mAb206. It is for this reason, the estimated KD of 234nM for the purified HA scFv seemed 
reasonable enough to continue with further characterisation.  
To investigate the inhibitory activity of the IL-6 specific antibodies, a quantitative sandwich 
enzyme immunoassay was employed. Exhaustive optimisation led to the sub-saturating 
binding (80%) of the antibody with minimal biotinylated rh.IL-6 immobilised on to the plate. 
IL-6 receptor, IL-6Rα, was introduced at a range of concentrations to displace the binding 
interactions between the antigen and antibodies (Figure 4.11). Due to the limitation of IL6-Rα 
availability, the findings here show that the highest possible concentration of 1µg/ml, was 
still not enough to displace the monoclonal IgG from its antigen. Nonetheless, an IC50 was 
estimated from the data points at ~500ng/ml, although this would need to be repeated with 
much greater concentrations to achieve the full binding curve to obtain an accurate and 
reliable IC50. As expected, the neutralising HA scFv, did not bind with as great an affinity as 
the monoclonal IgG and therefore, was fully displaced by the receptor at 1µg/ml, whilst the 
non-neutralising scFv had no effect on IL-6R binding, as expected. Gejima et al conducted an 
165 
 
experiment to determine the inhibitory activity of their neutralising clone and revealed that 
100µg/ml of the scFv was required to achieve complete inhibition of IL-6 binding to its 
receptor, whilst 10µg/ml of antibody achieved 55% inhibition (Gejima, 2002). The high IC50 
values seem to suggest that the scFv was in fact a low affinity binder and contradicts their 
earlier estimation of KD, thus providing data consistent with this study. 
4.4.3 Inhibitory activity of the anti-IL-6 scFvs 
Having characterised the scFvs, their functional application on prostate cell lines were 
investigated to try and show IL-6 blocking in prostate cells. It is well known the IL-6 (or 
other growth factors) secretion by prostate cell lines can vary between laboratories and 
therefore it was essential to screen several prostate cell lines to determine IL-6 expression to 
proceed with in- vitro and in- vivo challenges. Earlier work has shown PC3 cells to secrete 
the most IL-6 compared to DU145 cells and show anti-IL-6 effects (section 4.1; Smith and 
Keller, 2001). The findings here show that in fact both cell lines express at similar levels 
(Figure 4.13).  There is much ambiguity surrounding the androgen-sensitive LNCaP cells, as 
some findings report sensitivity to blocking mechanisms (Lee et al., 2003), whilst others do 
not (Chung et al., 1999; Hobisch et al., 1998). The findings here show almost undetectable 
levels of IL-6 secretion in the cell supernatant. Previous studies conducted with PC-3 cells 
displayed anti-IL-6 responses when administered with IL-6 specific antibodies (Smith and 
Keller, 2001). In vitro analysis illustrated not only a decrease in detectable IL-6 in the cell 
supernatant, but also a decline in viable cells upon treatment (Smith and Keller, 2001). 
Furthermore, Smith et al even managed to show a 60% reduction in tumour volume upon 
receiving an anti-IL-6 antibody. This provides optimism that anti-IL-6 targeting may induce 
tumour regression, therefore, encouraging the current investigation to work with PC3 cells to 
illustrate IL-6 blocking with specific scFvs.  
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Unfortunately, the outcomes of this study did not display an effect on PC3 cell proliferation 
with the scFvs, neither did the monoclonal antibody, shown to bind with high affinity, exert a 
significant effect on the number of viable cells upon treatment (Figure 4.14). Many attempts 
were carried out to show a change, but the addition of anti-IL-6 antibodies seemed to have no 
effect. Since this analysis was carried out using MTS assays, whereby the cells were 
incubated with the antibodies for 24-48 hours, any immediate or small change may be 
undetectable. Perhaps, the build-up of IL-6 in the cell supernatant due to the constant binding 
and dissociation of IL-6 counteracted any possible effects. Further investigation of the 
binding and dissociation rates of the scFvs would need to be carried out to better understand 
the biological outcomes of these antibodies. Surface Plasmon Resonance (SPR) or BIACore 
would be able to quantify Kon and Koff rates of these antibodies, thus allowing improved 
strategies for in- vitro investigations.  
Since the scFvs or the mAb alone did not have an effect, chemotherapy drugs were used in 
combination, as a possibility that cytokine deprivation may sensitise the cells to the 
chemotherapy drug, especially since Etoposide with an anti-IL-6 antibody had previously 
been reported to induce 25% cytotoxicity (Smith and Keller, 2001). However, flow cytometry 
analysis on cell cycle distribution confirmed that any changes to cell morphology were 
predominantly due to the chemotherapy drug and there was no synergy between the 
Etoposide and anti-IL-6 monoclonal antibody. If no effect was seen with the high affinity 
monoclonal IgG, it was fair to assume the lower binding affinity scFvs would exhibit no 
change either and therefore, synergy treatments with chemotherapy were not conducted for 
either the MTS or FACS assays. It was therefore concluded, that the prostate models used 
here were not suitable for demonstrating IL-6 blocking and perhaps a non- prostate 
alternative, IL-6 dependent cell line may be more suitable for showing functional applications 
in- vitro. This inevitably, provokes more challenges for proceeding in vivo comparisons.  
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Other assays which could be carried out focus on the downstream signalling pathway of IL-6. 
As described earlier, this is a complex pathway (see Figure 1.1 in the introduction section) 
and an initial experiment could look at the immediate downstream effects of IL-6 withdrawal 
by carrying out real time PCR to look at the up- or down regulation of specific genes. 
Immunoprecipitation of cells with IL-6 +/- antibody treatments can also be carried out to 
examine the gp130 receptor association with JAK2 kinase and subsequent phosphorylation 
by blotting with anti-gp130 or anti-JAK2 antibodies, respectively. Such experiments have 
been described to show stimulation of tyrosine phosphorylation of gp130 in response to IL-6 
(Murakami et al., 1991), particularly in TF-1 cells (Yin et al., 1993). By investigating the 
effects of anti-IL-6 antibodies on phosphorylation patterns could provide important functional 
information on the immediate effects of blocking IL-6 signalling and provede more direct and 
conclusive results. Another possibility could be to further improve flow cytometry analysis 
by staining cells with a nucleotide analogue, BrdU, which is incorporated during S phase 
synthesis of the cell cycle, which will help understand cell cycle distribution or Annexin 
coupled to FITC to determine apoptotic cell death in response to cytokine deprived 
chemotherapeutic effects.  
4.5 CONCLUSION 
Two anti-IL-6 scFvs were selected and characterised; one possessing IL-6 neutralising 
properties, whilst the other bound to IL-6 with good affinity but did not possess any 
neutralising properties, thus serving as a control. Whilst it was initially speculated that the 
scFvs would demonstrate functional activity in tumour cell lines, providing the basis for 
proceeding in- vivo studies, the prostate models used here seemed unsuitable to exemplify IL-
6 blocking as tumour cell proliferation was unaffected by the anti-IL-6 scFvs. Therefore, a 
better cell model needs to be investigated, one which presents conclusive IL-6 dependency.  
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CHAPTER 5  
Application of the PSA tool onto a 
therapeutically relevant target, IL-6 
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5.1 INTRODUCTION 
The concept of polysialylating antibody fragments to improve blood half-life was introduced 
in chapter 3. It was shown that alterations in the Ig5-FN1 NCAM interface diminished sialic 
acid polymerisation and therefore, to achieve successful polysialylation, the Ig5-FN1 NCAM 
domains needed to remain intact, as displayed with the model anti-CEA scFv, MFE-23. 
Chapter 4 highlighted a therapeutic target, IL-6, to which the PSA tool could be applied to 
and therefore, the findings of the previous two chapters has led to the current investigation. 
By utilising IL-6, the aim of this work was to fuse the NCAM domains on to the IL-6 
directed scFvs to allow recombinant polysialylation in HEK cells, co-transfected with PST 
enzyme.  
Previous work carried out in the lab by Chen et al highlighted the success of the addition of 
sialic acid residues on to a scFv antibody to improve blood half-life in-vivo (Chen, 2012). 
Characterisation by mass spectrometry demonstrated up to 30-40 residues of sialic acid could 
be added to the NCAM fusion protein, scFv-Ig5-FN1 at N-glycosylation sites on the Ig5 
domain (Figure 5.1). Mass spectrometry is currently the strongest tool for characterising and 
analysing large biomolecules of varying complexity. The development of soft ionisation 
techniques, such as electrospray ionisation (ESI) and matrix-assisted laser 
desorption/ionisation (MALDI) has provided sensitive detection of intact biomolecules of up 
to 1 million Daltons (Hyzak et al., 2012). Coupling MALDI with time-of-flight (TOF) MS 
instruments, MALDI-TOF MS has become a powerful tool for fast and accurate analysis 
(Duncan et al., 2008), in particular for characterising intact glycoproteins, including 
polysialic acid(Galuska et al., 2007). MALDI-TOF relies on the crystallization of samples 
that are irradiated with a laser beam to disintegrate the crystals and form singly charged ions. 
The ions accelerate through an electric field and drift through a region of constant electric 
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field until they reach the detector. Ion masses (mass-to-charge ratios, m/z) are typically 
calculated by measuring their TOF, which is longer for larger molecules (Jurinke et al., 
2004). MALDI-TOF MS can also be used to obtain sequence information from enzymatic 
digests, providing fragmentation patterns to identify the nature of the glycoprotein.  
Furthermore, as seen in figure 5.1, lactonization of the N-glycans, in this instance released 
from LS-scFv-Ig5-FN1 protein can be used to determine the number of sialic acid residues 
present on PSA chains. Lactonization of α2-8 linked PSA can be achieved through acidic 
conditions (Zhang and Lee, 1999) and since been utilised by MALDI-TOF MS to neutralise 
the highly acidic groups present on PSA to help characterise the PSA chains, including 
determining the length of the polymeric chain (Galuska et al., 2007).  
 
 
Figure 5.1: Spectrum obtained from MALDI-TOF-MS analysis showing polysialylated N-glycans from a 
highly polysialylated sample of LS-scFv-Ig5-FN1 fusion protein, where the scFv is ant-CEA, MFE-23. 
Polysialylated N-glycans were lactonised and analysed in the negative ion linear mode. Average 
masses [M-H]- and corresponding degree of polymerisation (DP)  values are given for selected 
signals. The inset provides a diagnostic fragmentation pattern to confirm the nature of the 
neuraminic acid chains. Data obtained from Chen et al., 2012a. 
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Described in section 1.3.1, the foremost approach for extending half-life of protein 
therapeutics is to reduce the renal clearance by increasing the hydrodynamic volume to above 
the renal cut-off threshold at 50-70 kDa, corresponding to a diameter of ~50 Å. Whilst scFvs 
overcome some of the limitations of Fc-mediated side-effects, their small molecular weight 
means they are prone to faster elimination than full length antibodies and therefore, it is 
imperative to improve their half-life. The addition of both chemical (Constantinou, 2009) and 
recombinant PSA (Chen et al., 2012a) to scFv molecules has successfully shown 
improvements in hydrodynamic radius to improve circulating half-life.  
The parameters of pharmacokinetics are measured by drug clearance, distribution within the 
body and uptake into specific organs and tissues and bioavailability of the drug. The 
clearance is the most important parameter as it quantifies the elimination of the drug from the 
plasma or blood in a given time. Therefore, it is vital for determining the amount/ dose 
required to maintain drug concentration. Clinically, the most useful parameters are the 
elimination half-life, known as the β-clearance rate, t1/2β and the bioavailability, which 
measures the drug exposure by calculating the area under the plasma concentration-time 
curve (AUC). Half-life (t1/2) describes the exponential decline in drug concentration in the 
plasma by half (Kontermann. 2012). When evaluating the half-life parameters, the 
distribution half-life (t1/2α) and blood elimination half-life (t1/2β) need to be considered. The 
t1/2α denotes the time it takes for the sample to distribute into the blood, whilst the t1/2β 
determines the clearance of the circulating drug. Overall, this is important in determining 
blood half-life of protein therapeutics.  
Pharmacokinetic data of the MFE-based model showed the polysialylated fusion protein 
exhibited greater blood half-life values (t1/2β) of 29.6- fold increase than its non-
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polysialylated counterpart (Figure 5.2, Chen et al., 2012a). As the half-life was extended, a 
28.8- fold increase in bioavailability was also observed (Table 5.1).  
Chen et al, also revealed that although increasing half-life increased tumour uptake, similar to 
what was earlier reported with chemical PSA conjugation (Constantinou, 2009), the MFE-23 
based model showed poor specificity for tumour location. To potentially overcome this 
limitation and further support half-life extension using this novel approach, this study focused 
on the application of recombinant polysialylation to anti-IL-6 scFvs to exemplify improved 
pharmacokinetics to potentially improve therapeutic outcomes.  
 
Figure 5.2: Blood clearance profile of the different MF-23 scFv NCAM fusion proteins. Samples were 
radiolabelled with I125 and in-vivo blood clearance rates were measured. Mice were injected with i.v. 
20µg/mouse and blood samples were collected over 24 hours. The highly polysialylated scFv 
demonstrated a slow elimination phase, t1/2β compared to its desialylated and non-polysialylated 
counterparts. The bioavailability of this antibody was determined by calculating the area under the 
curve (AUC). Data obtained from Chen, 2012. 
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Table 5-1: Table showing the pharmacokinetics of the MFE-23 based NCAM fusion proteins derived 
from figure 3.2. Radiolabelled proteins were injected and blood samples were collected at 1, 2, 6, 24 
and 48 hours post injection. The percentage of injected dose per gram of blood was determined and 
modelled to a bi-exponential decay equation to estimate the clearance parameters. The plots were 
also integrated to determine blood exposure (bioavailability) by calculating the area under the curve 
(AUC). Data obtained from Chen et al., 2012a. 
 
5.2 AIMS & OBJECTIVES 
The aim of this study was to use the high affinity scFvs characterised in chapter 4 to help 
further understand the effect of recombinant polysialylation on the in vivo pharmacokinetics 
of antibody fragments for improved therapeutic applications. The objectives of the project 
included: 
 Genetic engineering of IL-6 directed scFvs to fuse with Ig5 and FN1 NCAM domains. 
 Transfection of the fusion proteins into HEK cells, co-transfected with PST enzyme to 
allow expression and selection of recombinant polysialylated fusions proteins. 
 Characterisation of polysialylated antibody fusion proteins to determine binding and 
functional properties in addition to confirming N-glycosylated polysialylation. 
 Execution of in-vivo pharmacokinetic studies to determine blood clearance of the 
highly polysialylated fusion proteins.  
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5.3 RESULTS 
5.3.1 Genetic engineering to construct scFv-NCAM fusions 
The scFvs were engineered to include the appropriate restriction sites to accommodate the 
genetic fusion with Ig5 and FN1 NCAM domains. Previous work in the lab had formed the 
foundations of this study and therefore, the intermediate pcDNA4 constructs were already 
generated (Constantinou, 2008) to facilitate the formation of these constructs.  
Both neutralising HA and non-neutralising H1 scFvs were cloned upstream of NCAM Ig5-
FN1 domains. In addition a scFv fused to FN1 domain was generated to serve as a control for 
polysialylation. Figure 5.3 illustrates the different fusion constructs produced. A further 
unmodified scFv control was also produced to ensure mammalian expression did not alter its 
functional activities, for example through glycosylation. 
 
Figure 5.3: Schematic of the various NCAM fusions with anti-IL-6 scFvs used in this study.  
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To generate the LS-scFv-Ig5-FN1 and LS-scFv-FN1 constructs, the scFvs were engineered to 
introduce Nco I and Not I restriction sites, to allow the scFv to be cloned downstream of the 
vector leader sequence (LS) and upstream of the NCAM domains. Following several cloning 
steps, insertion of the antibodies into pcDNA4a with the appropriate NCAM fusions was 
successfully achieved (Figure 5.4). Ligation reactions were carried out typically in ratios of 
1:1 and 1:3 vector: insert. Ligated DNA was subsequently transformed into XL1-Blue cells 
using heat shock transformation methods and colonies obtained were screened for inserts 
using diagnostic restriction digests (Figure 5.5). Since the Pci I restriction site on the vector 
cancels out with the Nco I present on the scFv, restriction digests were conducted using the 
Hind III introduced at the N-terminus of the leader sequence and the Xho I at the C-terminus 
of the FN1 domain. Evident from the gels, most ligations were successful and the appropriate 
antibody fusions were confirmed by DNA sequencing.   
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Figure 5.4: A schematic illustrating the cloning procedures to insert the scFvs into a) LS-Ig5-FN1 
constructs and b) LS-FN1 constructs. Hind III was introduced using PCR at the N-terminus of the 
leader sequence and Pci I at the C-terminus to accommodate genetic fusion with the scFv, flagged 
with Nco I and Not I.  
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Figure 5.5: Agarose (1%) gels illustrating diagnostic restriction digests to show the appropriate scFv 
insertions. Different colonies were screened for presence of the inserts (lanes 1-12). a) Lanes M: 
represent the hyperladder I, 1-6: HA cloning into FN1 pcDNA4a, Lanes 7-12: HA cloning into Ig5-FN1 
pcDNA4a. b) Lanes M: hyperladder I, 1-4: H1 cloning into FN1 pcDNA4a, Lanes 5-9: H1 cloning into 
Ig5-FN1 pcDNA4a.  
 
The LS-scFv controls were constructed by cloning Nco I/ Xho I digested scFvs into Pci I/ Xho 
I cut pcDNA4a vectors, followed by sub-cloning into pcDNA4c to allow the tags to be read 
in frame. Since the H1 scFv was obtained from Professor Rose-John’s laboratory (Krebs 
1998), it did not have a Xho I site engineered into its DNA sequence and therefore, PCR 
amplification was carried out to incorporate a Xho I restriction site at the 3’ end to allow 
subsequent cloning steps. Ligation reactions were carried out in 1:1 and 1:3 vector: insert 
ratios and the colonies obtained from heat shock transformation were analysed using 
diagnostic restriction digests. Figure 5.6 shows the insertion of the scFvs at the correct size of 
849 base pairs for H1 scFv and 810 base pairs for HA scFv by restriction digest analysis.  
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Figure 5.6: a) Schematic showing the cloning procedure to construct LS-scFV fusion. scFvs flagged 
with Nco I and Xho I restriction sites were cloned into pcDNA4a before subcloning into pcDNA4c.   b) 
& c) Agarose (1%) gels illustrating diagnostic restriction digests to show the appropriate scFv 
insertions. b) H1 cloning into LS-scFv pcDNA4c Lanes 1-3: Different colonies screened from 1:1 
vector: insert, Lanes 4-6: Different colonies screened from 1:3 vector: insert; c) HA cloning into LS-
scFv pcDNA4c. Lanes 1-5: 1:1 vector: insert; 6-10: 1:3 vector: insert.  
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5.3.2 Mammalian Transfection and protein expression 
Having verified the correct constructs were fused into the mammalian pcDNA4 vector by 
DNA sequencing, they were transfected into mammalian HEK cells, which were previously 
co-transfected with the PST enzyme. To ensure, the co-transfected cells were expressing PST 
to allow subsequent polysialylation of NCAM proteins, the cell lines were screened with V5 
antibody, as explained in Chapter 3 (section 3.6). 
Selection procedures were followed as explained previously (section 3.3). Briefly, cells were 
treated with reducing concentrations of zeocin to allow formation of monoclonal colonies, 
which were picked to analyse protein expression using ELISAs and western blotting (see 
methods section 3.5.3). G418 antibiotic was also added to the cells to maintain the PST 
enzyme. Successive rounds of screening were carried out to identify the best expressing 
clones (Figure 5.7).  
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Figure 5.7: Example of a monoclonal selection profile for LS-scFv-Ig5-FN1. Supernatant from 
monoclonal colonies were analysed using ELISA and western blotting. a & b) Expression profiles of 
two different ELISA plates of screening. Different colonies were selected and labeled according to 
their plating order. Positive clones were detected using anti-myc and anti-PSA staining methods and 
expression reported as the absorbance at 450nm. c) anti-c-myc western blot of positively selected 
clones, d) anti-PSA western blot of positively selected clones. The arrows highlight the scFv fusion 
proteins. 
 
Figure 5.7 illustrates the selection results for identifying the best clones to pick for large scale 
expression. Up to 100 colonies for each construct were picked for analysis. The ELISAs (a & 
b) display 2 x 24 well plates for the same construct from one round of screening. It is clear 
that most of the colonies picked express the scFv fusion protein as detected with the c-myc 
tag; however, not all express high levels of PSA. Therefore, only colonies expressing similar 
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or high levels of both the protein and PSA, were selected for further rounds of screening. A 
final round of screening involved western blot analysis of the supernatant from each cell 
population (Figure 5.7 c & d). Again, anti-myc and anti-PSA were used to detect expression 
of polysialylated proteins. Whilst the anti-myc blot displayed large quantities of expressed 
protein, the corresponding anti-PSA blot showed these expressed protein fusions were not 
highly polysialylated. Having achieved similar profiles after several rounds of screening, it 
was speculated that perhaps the particular HEK clones selected for initial transfection were 
low PSA expressing constructs and therefore, the transfection procedure was repeated. 
However, once again low polysialylating NCAM fusion proteins were identified. After 
exhaustive optimisation of several re-tranfections and multiple selections (data not shown), it 
was still not possible to identify highly polysialylated monoclones and therefore, polyclonal 
populations were collected and pooled together to continue with further characterisation. 
Figure 5.8 shows both scFv-Ig5-FN1 fusion proteins were expressed in large quantities and 
highly polysialylated from just one batch of expression. Therefore, it was decided to continue 
working with these polyclonal populations.  
The polyclonal populations were pooled together and proteins were purified using IMAC as 
described before. Figure 5.9 shows the IMAC purification profiles with 200mM NaCl 1 ml 
elution fractions. Both fusion proteins agreed with the estimated molecular weight of 
~55kDa. With the addition of PSA, the apparent molecular weight increased and developed a 
smeared band to highlight the different molecular weights of the added sugar molecules. The 
H1 fusion protein also showed some degradation around 40kDa (Figure 5.9a) and judging 
from the blots, it appeared LS-H1-Ig5-FN1 fusion protein was better expressed than the other 
scFv. Nonetheless, all elution fractions were pooled together and the polsiaylated material 
was further separated using ion exchange (Figure 5.10). Having carried out a gradient ion 
exchange profile and from previous knowledge of PSA separation (Chapter 1, Chen 2010), a 
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systematic increase in ion exchange salt gradient was used to separate the polysialylated 
material into three distinct degrees of sialylation. Sialylated protein was eluted with 100mM 
NaCl, moderately polysialylated material (Low PSA) was eluted with 200mM NaCl and 
highly polysialylated samples (High PSA) were eluted with 1M NaCl. By introducing a long 
wash between 200mM and 1M NaCl concentrations, the isolation of the highly polysialylated 
species was improved.  
 
Figure 5.8: Western blot analysis of polyclonal expression profile. Lanes M: prestained protein 
ladder, 1: LS-H1-Ig5-FN1, Lane 2: LS-HA-Ig5-FN1. a) Anti-c-myc; b) anti-PSA detection blots. The 
arrows highlight the polyclonal fusion proteins. 
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Figure 5.9: IMAC purification profiles of scFv-Ig5-FN1 fusion proteins with anti-his detection a) LS-H1 
scFv-Ig5-FN1, b) LS-HA scFv-Ig5-FN1. Lanes correspond to M: prestained protein ladder, 1: 
supernatant, 2: flow through, 3: PBS wash, 4-12: elution fractions (200mM Imidazole). The arrows 
indicate the purified scFv fusion proteins. 
 
Figure 5.10: Chromatograph illustrating Ion exchange profile of a LS-scFv-Ig5-FN1 fusion protein. The 
black line indicates the increasing concentration gradient of NaCl, with corresponding peaks to show 
elution of the different degrees of sialylation.  
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Recovery of the separated material was analaysed using 7% SDS PAGE and western blotting 
(Figure 5.11). Coomassie staining (a) indicates a greater quantity of sialylated protein for 
both scFv constructs, whilst the highly polysialylated material is barely noticeable on the gel 
for the HA fusion protein. However, the sialic acid may impede coomassie staining as heavily 
glycosylated proteins are generally harder to stain. An anti-FN1 antibody targeted against the 
FN1 NCAM domain was used to detect the presence of the fusion protein.  An anti-FN1 blot 
(Figure 5.11 b) showed much greater smearing for the low and high PSA samples for the H1 
protein, but showed very slight smearing at ~70kDa for the neutralising HA scFv fusion 
protein. This supports earlier IMAC blots suggesting the H1 NCAM fusion protein is a better 
expresser than the HA fusion protein, despite both constructs cloned into the same expression 
vector.  
 
Figure 5.11: SDS-PAGE (7%) analysis of samples purified using ion exchange. a) Coomassie staining; 
b) Anti-FN1 detection blot. The samples were separated according to their degrees of sialylation on 
the ion exchanger (figure 5.10) and lanes S correspond to sialylated protein (eluted with 100 mM 
NaCl), L: low PSA samples (eluted with 200 mM NaCl) and H: highly polysialylated protein (eluted 
with 1 M NaCl). M represents the prestained protein marker used to estimate Mwt. 
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The control NCAM fusion proteins, LS-scFv and LS-scFv-FN1 were purified using a one-
step IMAC purification method, exploiting Talon
®
 to capture the 6x his-tagged proteins. It is 
interesting to note in Figure 5.12a, cell supernant and flow through samples showed the 
presence of a non-specific binder at ~55kDa that disappeared upon Imidazole elution, which 
showed bands for both scFvs corresponding to the correct molecular weight of ~ 30kDa. This 
was also observed with an anti-His blot (Figure 5.12b) by the appearance of a single band in 
the elution sample. Figures 5.12 c & d show full expression profiles of Talon
®
 purified LS-
scFv-FN1 fusion proteins. Both ant-FN1 blots showed the presence of the fusion proteins in 
the elution fractions at ~45kDa, corresponding to their expected molecular weight. The 
presence of single bands in the elution fractions for all constructs suggests they are stable 
fusion proteins, as no degradation is visible on the blots.  
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Figure 5.12: IMAC purification expression profiles. SDS PAGE  (12%) analysis of Talon® purified LS-
scFv and LS-scFv-FN1 fusion proteins. a) coomassie staining of both LS-scFv constructs.                       
b) corresponding anti-his blot. Lanes correspond to M: prestained molecular weight marker, 1: cell 
supernatant, 2: flow through, 3: PBS wash, 4: 200mM imidazole elution (samples pooled together); 
c) anti-FN1 blot of LS-H1-FN1 d) anti-FN1 blot of LS-HA-FN1. Lanes correspond to M: prestained 
protein marker, 1: cell supernatant, 2: flow through, 3: PBS wash, 4 -12: elution fractions (200mM 
Imidazole).  
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A final analysis was carried out using SDS-PAGE analysis to compare the molecular weights 
of all NCAM fusion proteins as illustrated in Figure 5.13. The coomassie staining and anti-
myc blots display the expression of all the different antibody fusion proteins (Figure 5.13 a & 
b, respectively), whilst the anti-FN1 blot confirms the anti-FN1 antibody is specific to the 
FN1 domain, therefore only detecting the LS-scFv-FN1 and LS-scFv-Ig5-FN1 constructs 
(Figure 5.13 c). The anti-PSA blot (Figure 5.13d) shows both antibodies fused into LS-scFv-
Ig5-FN1 constructs are polysialylated. It is interesting to note that whilst in this study we 
have observed one antibody fusion expressing slightly better than the other, both constructs 
overall appear to show less polysialylation than its MFE-23 counterpart (chapter 3).  
 
Figure 5.13:  Comparative blots of the differenct scFv-NCAM fusion proteins analysed using SDS-
PAGE (7%). a) coomassie staining; b) Anti-c-myc; c) Anti-FN1; d) Ant-PSA. Lanes correspond to M: 
prestained protein marker; 1: LS-HA scFv, 2: LS-H1 scFv, 3: LS-HA scFv-FN1, 4: LS-H1 scFv-FN1, 5: LS-
HA scFv-Ig5-FN1 and 6: LS-H1 scFv-Ig5-FN1. 
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5.3.3 Antigen binding properties of the scFv fusion proteins  
To determine that the fusion of the scFvs with NCAM domains and the subsequent 
polysialylation did not alter the antibody binding activity; ELISAs were carried out to verify 
the binding affinities of the fusion proteins. Biotinylated antigen, IL-6 at sub-molar 
concentration was immobilised on to the plate and a range of antibody concentrations were 
incubated. The binding interactions were determined using anti-FN1 and anti-his antibodies 
(Figure 5.14).  
Figure 5.14 shows the binding curves for each antibody construct and it is evident from the 
LS-scFv and LS-scFv-FN1 plots that both scFvs maintained similar Kd values when fused 
with the FN1 domain. Comparison with bacterially expressed scFvs described in chapter 4, it 
was estimated that the non-neutralising scFv, H1, had a binding KD of ~100nM, whilst the 
neutralising HA scFv, demonstrated a KD of ~250nM. Mammalian expression of the same 
antibody revealed similar binding affinities. The FN1 fusion reported slightly higher KD 
values (Table 5.1), although the error bars can justify any discrepencies (Figure 5.14 a &b).  
Illustrating that the polysialylated NCAM fusions did not alter binding activity of the scFv, 
the binding affinities of the polysialylated material were determined (Figure 5.14 c & d).  
Generally, it was observed the higher polysialylated species did not generate as high an 
absorbance signal and so did not give a consistent signal, therefore, reported slightly higher 
binding affinity values (Table 5.1). However, this can be attributed to a number of reasons, 
one of the main perhaps, owing to the anti-FN1 antibody used for detection. Masking of the 
FN1 domain by the sialic acid residues may alter detection levels, thus affecting the estimated 
binding. Nonetheless, the KD values reported were within the same region and can confirm 
recombinant polysialylation did not significantly affect binding activity of the antibody 
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fragment. This is in agreement with previous finding of the MFE-23 fusion proteins (Chen, 
2012). 
 
Figure 5.14: Sigmoidal binding curves obtained from ELISAs illustrating the scFv fusion proteins 
binding to biotinylated rh.IL-6. a) LS-scFv with anti-His detection; b) LS-scFv with anti-FN1 detection; 
c) LS-H1 scFv-Ig5-FN1 with anti-FN1 detection; d) LS-HA scFv-Ig5-FN1 with anti-FN1 detection.  All 
three sialylayted species were analysed to show PSA did not alter binding properties of the antibody. 
All data presented as the mean with error bars representing the SEM (n=3). Data points were fitted 
using Sigma Plot, Sigmoidal 4 parameter. 
 
 
 
190 
 
NCAM fusion KD (nM) NCAM fusion KD (nM) 
LS-scFv (H1) 86.7 LS-scFv (HA) 232.4 
LS-scFv-FN1 (H1) 135.1 LS-scFv-FN1 (HA) 301.5 
LS-scFv-Ig5-FN1 (H1) 
sialylated 
119.4 LS-scFv-Ig5-FN1 (HA) 
sialylated 
355.3 
LS-scFv-Ig5-FN1 (H1) 
 low PSA 
167.3 LS-scFv-Ig5-FN1 (HA)  
low PSA 
295.6 
LS-scFv-Ig5-FN1 (H1) high 
PSA 
199.3 LS-scFv-Ig5-FN1 (HA) 
high PSA 
456.6 
Table 5-2: Table showing estimated KD values for each of the scFv fusion proteins used in this study. 
Values were obtained from SigmaPlot analysis of the ELISA binding assays, figure 5.14.  
 
5.3.4 Glycosidase treatments to confirm glycosylation patterns 
In contrast to what was seen in Chapter 3 with the MFE-23 “cleavable” fusion protein, 
Western blot analysis showed the presence of polysialic acid with anti-PSA antibodies 
(Figure 5.13). To further characterise the highly polysialylated antibody fusion protein (LS-
scFv-Ig5-FN1), samples were subjected to neuraminidase treatments to cleave the glycosidic 
linkages of neuraminic acids. Endoneuraminidase-N (Endo-N) was used to hydrolyse the 
internal α2-8 linked sialic acid bonds to confirm the presence of a chain of sialic acid 
residues. PNGase F was used to cleave between the innermost N-Acetylglucosamine 
(GlcNAc) and asparagine residue of N-linked glycoproteins within a Asn-X-Ser/Thr 
sequence, thus removing all N-linked glycans.  
Both scFv fusion proteins displayed a change in staining patterns upon neuraminidase 
treatments (Figure 5.15). Endo-N treatment showed a reduction in smearing (Lanes 1 & 2), 
indicating hydrolysis of α2-8 linked PSA molecules, whilst PNGase F treatment following 
Endo-N hydrolysis revealed a band shift from 70kDa to ~55kDa, which correlates to the 
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molecular weight of the fusion protein without any glycan additions, therefore, indicating 
removal of N-linked glycans and supporting previous findings (chapter 3, Chen, 2012). It 
appeared the LS-H1scFv-Ig5-FN1 fusion protein had not completely hydrolysed upon 
PNGase F treatment as a faint band was still visible at ~70kDa (Figure 5.15 a).  
Comparing the two scFvs, it also appeared that the H1 fusion protein was better 
polysialylated than the HA fusion protein, as the change in the smearing of the bands was 
more prominent.  
 
Figure 5.15: Western blot analysis of neuraminidase treated fusion proteins with anti-FN1 detection. 
a) LS-H1 scFv-Ig5-FN1; b) LS-HA scFv-Ig5-FN1. Glyosidase treatments are indicated below each blot. 
The schematic on the right illustrates which linkage the glycosidase enzymes are targeting.  
 
To further characterise the nature of the N-linked glycans, DIG glycan differentiation was 
carried out to identify specific glycoconjugates. The specific binding of digoxigenin linked 
lectins to carbohydrate moieties was used to identify these structures.  
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Close examination of Figure 5.16a showed the DSA lectin, which recognises Gal-β(1-
4)GlcNAc linkages in complex and hybrid N-glycan structures, stained positive for both scFv 
fusion proteins, retained upon Endo-N and Exo-N treatments. As described earlier, Endo-N 
hydrolyses internally linked α2-8 PSA molecules, whilst acetyl-neuraminyl hydrolase (Exo-
N) cleaves terminal α2-3 or α2-6 linked neuraminic acids. As expected, upon PNGase F 
hydrolysis, the bands disappeared confirming the presence of Gal-β(1-4)GlcNAc structures.  
Both MAA and SNA lectins recognise sialic acid residues linked to galactose. The MAA, 
specific for α2-3 linkages showed positive staining after Endo-N treated samples, with slight 
staining after Exo-N, confirming the presence of α2-3 linked sialic acids (Figure 5.16b). SNA 
lectin binding analysis, which is specific for α2-6 linkages, confirms the presence of α2-6 
linked sialic acid (Figure 5.16d). The disappearance of the bands upon Exo-N suggests most 
sialic acid residues are linked with α2-6 linkages to the galactose. The increase in staining 
patterns following Endo-N treatment may be attributed to more exposure of the linkages 
detected by MAA and SNA. From previous findings (Chen et al., 2012a), it is known that the 
recombinant addition of polysialylation occurs predominantly through N-glycosylation and 
the findings here support this, as PNGase F digestion showed a loss in all lectin binding.  
PNA lectin can be used to detect O-glycosylation by recognising Galβ(1-3)N-
acetylgalactosmine (GalNAc) in O-linked glycans. However, since it was clear N-
glycosylation was present here, the positive staining with PNA can be attributed to cross 
reactivity. By treating the fusion proteins with Exo-N, terminal β-linked galactose residues 
are exposed and although PNA preferentially binds to β(1-3) GalNAc, there are still β-linked 
galactose residues on GlcNAc and therefore, there is reactivity, hence positive staining was 
observed. 
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It can be concluded from both neuraminidase and DIG diffentiation analysis, both LS-scFv-
Ig5-FN1 fusion proteins exhibit core N-glycosylation and suggest the polymerisation of sialic 
acid.  The strongest tool characterisation to confirm the presence of sialic acid chains 
involves mass spectrometry.  
 
Figure 5.16: Anti-DIG profiles of scFv fusion proteins. a) Anti-DSA blot; positive control is Fetuin 
glycoprotein. b) Anti-MAA blot; positive control for lectin glycoprotein is Fetuin. c) Anti-PNA blot; 
positive control glycoprotein is Asialofetuin. d) Anti-SNA blot; positive control is transferrin. Lanes 
correspond to M: prestained protein marker, 1-4: LS-H1 scFv-Ig5-FN1, 5-8: LS-HA scFv-Ig5-FN1, 9: 
lectin positive control. Neuraminidase treatments are indicated below each blot. To the right is a 
schematic of an N-linked oligosaccharide, illustrating the different carbohydrate moieties and 
linkages targeted by the various lectins used in this investigation.   
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5.3.5 Determining polysialylated glycoprotein structure using mass spectrometry  
To understand the glyco-profile of recombinant polysialylated fusion proteins, mass 
spectrometry was employed. Highly polysialylated antibody fusion proteins were analysed 
using MALDI TOF MS. Following tryptic digests polysialylated N-glycans were subjected to 
Endo-N and PNGase F hydrolysis and the core N-glycan compositions were permethylated 
using CH3I (see methods section 2.6.12) for MALDI-MS analysis.  
Figure 5.17 shows the full spectra of Endo-N treated N-glycans of polysialylated fusion 
proteins illustrating the global intensities of each species. In both spectra, the peak at 3602.5 
(m/z) is the most abundant species. Proposed structures indicated on Figures 5.18 & 5.19 
showed both scFv fusion proteins display almost identical N-glycans. The general 
carbohydrate composition relating to each significant peak is annotated on the spectra. Both 
complex and oligomannosidic N-glycan structures were deduced from the spectra. Mono-, di- 
tri-, and tetra- sialylated N-glycans were revealed. The abundant peak at 3602.5 (m/z) is 
consistent with a tri-antenna species with sialic acid residues on each antenna.  
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Figure 5.17: MALDI-TOF MS profiles showing the full spectra of Endo-N treated N-linked glycans 
from IL-6 specific antibody fusion proteins in the positive ion mode. The global intensities of each 
ionised species are highlighted. All molecular ions were [M+Na]+ and panels were normalised to the 
most abundant signa (100% intensity). 
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Figure 5.18: Magnified portions of MALDI-TOF MS profile of Endo-N treated LS-HAscFv-Ig5-FN1 
fusion protein. Structural assignments were based on monosaccharide composition and knowledge 
of the glycan biosynthetic pathways. The sugar symbols are those employed by the Consortium for 
Functional Glycomics (http://www.functionalglycomics.org). All molecular ions were [M+Na]+ and 
panels were normalised to the most abundant signa (100% intensity). 
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Figure 5.19: Magnified portions of MALDI-TOF MS profile of Endo-N treated LS-H1scFv-Ig5-FN1 
fusion protein. Structural assignments were based on monosaccharide composition and knowledge 
of the glycan biosynthetic pathways. The sugar symbols are those employed by the Consortium for 
Functional Glycomics (http://www.functionalglycomics.org). All molecular ions were [M+Na]+ and 
panels were normalised to the most abundant signa (100% intensity). 
198 
 
To further characterise the N-glycan structures, Figure 5.20 shows a MS/MS spectrum of a 
peak at m/z 3963.1. A series of structurally informative fragment ions were produced 
including key fragment ions at 1208.6 and 2781.2 which clearly demonstrate a di-sialic acid 
unit on one of the N-glycan antennas. This provides further evidence for the elongation of 
sialic acid, suggesting the idea that the fusion proteins are polysialylated.  
 
 
Figure 5.20: MALDI-TOF MS/MS profile showing fragment ion spectrum of the parent ion at m/z 
3963 to reveal diagnostic fragmentation patterns consistent with the structures shown. The 
spectrum was acquired in positive ion mode using reflectron. The horizontal arrows depict the loss 
of designated glycan moieties from the [M+Na]+ precursor ion to reveal a di-sialic acid unit. 
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To take this investigation even further, lactonisation of Endo-N hydrolysed species were 
carried out to determine the greatest chain length of sialic acid. As previously undertaken by 
Chen et al, a chain of up to 30-40 residues of sialic acid on the MFE-23 fusion protein was 
detected using MS analysis (Chen et al., 2012a). Unfortunately, characterisation of PSA 
chains from the IL-6 specifc fusion proteins was difficult to achieve. Even after several 
attempts, it was not possible to form clear crystals for analysis, possibly due to the presence 
of hydrophilic contaminants, known to be common in detergent polymers and therefore, the 
PSA chain length of the IL-6 specific antibody fusion proteins could not be determined. 
Nonetheless, the findings so far provide evidence of N-glycosylation and the Endo-N 
degradation products provide strong evidence to suggest the presence of PSA on the fusion 
proteins, supporting previous findings (Chen et al., 2012a). 
5.3.6 Functional applications of anti IL-6 scFv fusion proteins 
5.3.6.1 Inhibitory activity of anti-IL-6 scFvs 
As described in chapter 4, the inhibitory activity of the scFvs was investigated by 
determining the IC50 of the IL-6 binding receptor (IL-6α). To ensure polysialylation of the 
scFv fusion protein had not affected the scFv inhibitory activity, highly polysialylated 
samples were used in ELISA assays, at the same concentration optimised in Chapter 4 for the 
bacterially expressed scFvs. The concentration of IL-6 receptor was gradually increased to 
fully displace antibody binding (Figure 5.21). As expected, the non-neutralising fusion 
protein (LS-H1-Ig5-FN1) remained unaffected by the binding of the receptor, whilst the 
neutralising fusion protein (LS-HA-Ig5-FN1) produced a sigmoid binding curve, with the 
IC50 of the receptor estimated at 13.6ng/ml (0.2nM) (Table 5.3). The bacterially expressed 
HA scFv, presented a receptor IC50 of 15.2ng/ml (0.5nM) and therefore, it can be concluded 
that both binding and functionality of the scFv had been retained upon polysialylation.  
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Figure 5.21: Inhibitory activity of anti-IL-6 fusion proteins on the binding of IL-6 to its receptor, IL-
6Rα using competition ELISAs. Dose ratios of antibodies were determined in accordance to 80% 
binding response with minimal IL-6. A range of IL-6Rα concentrations were introduced to displace IL-
6 binding. Data plots were fitted using Sigma Plot, sigmoidal 4 parameters and represent a mean 
average of absorbance values, with error bars representing SEM (n=3). 
 
Antibody  IC50  (ng/ml) IC50  (nM) 
LS-HA-Ig5-FN1 13.6 0.2 
LS-H1-Ig5-FN1 N/A N/A 
Table 5-3: Table showing IC50 of IL-6Rα in the presence of the IL-6 scFv fusion proteins. The data was 
derived from Figure 5.21.  
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5.3.6.2 Blood clearance: preliminary data 
The main purpose of polysialylating scFv antibody fragments was to improve in vivo 
pharmacokinetics. Having confirmed both scFv fusion proteins were highly polysialylated 
and retained binding and functional properties, the next step in the investigation involved 
determining the blood half-life of both proteins in vivo, specifically a mouse model. 
Considering both antibodies were human derived anti-IL-6 antibodies and the 
pharmacokinetics was achieved in a mouse model, the homology between human and mouse 
IL-6 was determined (Figure 5.22). From sequence alignment analysis, a significant 
homology (42%) between the two has been revealed, in accordance to previous findings. It 
has been reported that both murine and human IL-6 are active in mice and the structure/ 
function relationship enables antibodies targeting human IL-6 to also bind to mouse IL-6 
(Ehlers, 1994). At least two regions of human IL-6 have been identified responsible for 
receptor binding, residues 63-113 in the connecting loop between the helices B and C and 
residues 178-184 in helix D (Hammacher et al., 1994). Looking at these residues in 
comparison to murine IL-6, there appears to be a significant degree of homology, which may 
explain cross reactivity between human and mouse IL-6/IL-6R binding. Therefore, 
investigating the blood clearance profile of human anti-IL-6 scFvs in mouse models can be 
achieved.  
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Figure 5.22: Homology between human and mouse IL-6. The blue blocks represent the beta strands, 
pink represents the alpha-helices and the yellow represents the turns. The residues highlighted in 
the blue boxes represent the two IL-6 receptor binding regions of IL-6 as denoted by Hammacher et 
al, 1994. (http://www.uniprot.org/align/2012121471NW4QC9QB) 
 
The main aim of the addition of PSA was to show an increase in blood half-life. This was 
shown in vivo by comparing the clearance of non- polysialylated constrcuts (LS-scFv-FN1) 
vs polysialylated (LS-scFv-Ig5-FN1) (Figure 5.23). Samples radiolabelled with I
125
 were 
injected intravenously into the tail veins of mice. Blood samples were collected at several 
post-inject time points (0, 1, 2, 6, 24 hours) and the radioactivity was measured by gamma 
counters and analysed after correction for same weight of blood. The t1/2β clearance of the 
circulating samples was calculated along with the bioavailability of the antibody fusion, 
determined by the area under the clearance curve.   
Comparing blood clearance profiles between the polysialylated antibody fusions and its 
corresponding non-polysialylated forms showed that both non-polysialylated fusion proteins 
(LS-scFv-FN1) were completely cleared from the blood after 6 hours, exhibiting t1/2β life of 
~2 hours. The corresponding polysialylated fusions remained stable after 24 hours post-
injection and presented t1/2β life of 14-16 hours, almost 7-fold excess of its non-polysialylated 
form. 
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Reported by Chen et al, the t1/2β of the MFE-23 scFv alone was 2.6 hours (Chen et al., 
2012a), which is in agreement with the non-polysialylated antibody constructs described 
here. However, the MFE-23 was shown to possess greater PSA chain lengths and therefore, 
presenting a t1/2β half-life of 78.7 hours, the overall increase of 17 fold from its scFv-FN1 
sample, which is over twice as great as what was  observed here with the IL-6 scFv fusion 
proteins. This difference may be attributed to the level of polysialylation as the MFE-23 
construct was shown to be greatly polysialylated in comparison to the IL-6 specific scFv 
constructs. Interestingly, despite such a prominent difference in half-life, the overall 
difference in bioavailability was found to be the same, if not higher for the IL-6 scFv fusion 
proteins (Table 5.4). Chen et al, reported a very high blood exposure (AUC) of 890.1 % 
hour/gram (Chen et al., 2012a), but the overall increase from the non-polysialylated form was 
~ 28 fold, whilst the IL-6 scFv fusion proteins illustrated a 27 and 37 fold increase for each of 
the scFvs, H1 and HA, respectively.  
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Figure 5.23: Blood clearance profile of the different anti-IL-6 scFv NCAM fusion proteins. The blood 
clearance of radio labelled I125 samples were measured and plotted as the % of injected dose/gram 
of blood against several different pos-injection time points (0, 1, 2, 6, 24 hours). The clearance 
curves illustrate the β elimination phase of the 4 different fusion proteins. The data is a 
representative of the average clearance rates where n = 3 mice for each data point.  
 
Protein Half-life (t ½ β) 
(hours) 
X fold AUC (bioavailability) 
(% hour/gram) 
X fold 
H1scFv-FN1 (no PSA) 2.2  1 2.76 1 
H1scFv-Ig5-FN1 (PSA) 16.2 7.36 75.6 27.39 
HAscFv-FN1-(no PSA) 2.05 1 1.9 1 
HAscFv-Ig5-FN1 (PSA) 14.6 7.12 72 37.89 
Table 5-4: Table showing pharmacokinetic parameters based on blood clearance profiles shown in 
figure 5.23. The clearance profiles were fitted to exponential decay models using Sigma Plot to 
determine t1/2β. The area under the curve (AUC) represents the blood exposure or bioavailability of 
the fusion proteins.  
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5.4 DISCUSSION 
This chapter focused on applying the recombinant poylsialylation tool, previously shown to 
be successful on a MFE-23 scFv model (Chen, 2012) to an IL-6 specific scFv-fusion protein 
model. The main objective of this study was to show the PSA tool is not just specific to the 
MFE-23 model and can be applied to various antibody fragments that exhibit a 
therapeutically relevant benefit. This technology was successful in recombinantly attaching 
PSA onto the anti-IL-6 scFv fusion proteins, albeit to a lesser extent than the MFE-23 model. 
The scFv fusion proteins also retained their antigen binding properties reporting comparable 
KD values to the bacterially expressed scFvs and the neutralising scFv also maintained its’ 
inhibitory activity. Furthermore, preliminary in vivo pharmacokinetic data suggested the 
addition of PSA improved blood half-life.  
5.4.1 Mammalian protein expression 
Successful transfection of the various antibody fusion proteins produced detectable levels of 
protein in the supernatant as visualized with anti-myc detection (Figure 5.7). However, anti-
PSA detection showed very faint bands, suggesting perhaps the HEK cells were not 
polysialylating the transfected constructs. However, screening of polyclonal colonies proved 
otherwise and therefore, despite exhaustive screening and optimization of highly 
polysialylating monoclonal populations, it was decided to proceed with the investigation 
using polyclonal populations, which were both highly expressed and less time consuming. 
Ultimately, the goal was to isolate the highly polysiaylated species, which was achieved 
using ion exchange chromatography. Comparing the ion exchange profiles of polyclonal anti-
IL-6 antibody fusion proteins, shown in this chapter and that of monoclonal anti-CEA 
antibody fusion protein  in chapter 3 (Figure 3.8), it is clear there is not as defined separation 
between the sialylated and low PSA species as they were eluted as a double peak (Figure 
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5.10). Although, distinct isolation of the highly polysialylated material had been achieved. It 
is interesting to note however, the polyclonal samples did not produce as high quantity of 
highly polysialylated material as the monoclonal, evident by the intensity of the peaks. 
Furthermore, between the two IL-6 antibody fragments, the H1 scFv fusion protein appeared 
to be better expressed than the HA, which was also evident from bacterial expression systems 
(Chapter 4, figure 4.5 and 4.6). It can be speculated that perhaps the confirmation of the H1 
scFv is better suited to fusion with the NCAM domains and more specifically the leader 
sequence to denote the expression pathway.  
5.4.2 Characterisation of polysialylated scFv NCAM fusion protein  
Having successfully transfected and expressed polysialylated scFv fusion proteins, the 
characterization of each of the antibody constructs was performed. Initial, binding 
experiments were carried out to ascertain the binding of the scFvs had been retained. 
Although higher KD values were resolved from the binding curves of the polysialylated 
material, only 1-2 fold difference was observed. This can be attributed to a number of 
reasons; 1) errors bars may rectify the discrepancies; 2) immobolising antigen using solid-
phase ELISA may not generate as precise affinity parameters as can be achieved with 
competition ELISA or more specifically, surface Plasmon Resonance; 3) using anti-FN1 
antibody detection methods to determine binding may affect absorbance readings as sialic 
acid elongation on the Ig5 domain may mask epitopes for FN1 antibody binding. Therefore, 
one can be confident that the binding properties of the scFvs had been retained upon 
recombinant polysialylation, which is in contrast to the addition of PSA by chemical 
conjugation, which saw a significant reduction in bioactivity (Constantinou et al., 2010).  
From the western blot analysis so far, it had been questionable whether elongation of sialic 
acid at the N-glycosylation site on Ig5 NCAM domain had occurred and therefore, a series of 
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glycosidase treatments and subsequent mass spectrometry evaluation were carried out to 
confirm the presence of PSA. Neuraminidase treatments and anti-DIG differentiation 
confirmed core N-glycosylation of the fusion protein. Further evidence was attained with 
MALDI-TOF MS analysis, which showed the core oligosaccharide structures in the N-linked 
glycoproteins and even the suggested elongation of sialic acid along a mono-antennary 
structure. General analysis of the core N-glycans revealed up to an extra two neuraminic acid 
residues attached at the terminal sialic acid. Further characterization of the sialic acid chains 
were performed to determine the total number of sialic acid residues attached in a PSA chain. 
However, despite much effort, this was not achievable. Lactonisation of the glyans, a fairly 
new and non-established technology, was used to fragment the sialic acid oligosaccharides 
for MS analysis. However, the samples did not seem to dry thoroughly and so crystal 
formation produced ambiguous MS analysis. This is in contrast to Chen et al’s findings, 
where lactonisation was achieved to confirm up to 30-40 neuraminidase acid residues (Chen 
et al., 2012a). The difficulty in accomplishing this data for the antibody fusion protein in this 
study may arise from a hydrophilic contaminant in the protein preparation which may not 
have been removed with Sep-Pak
®
 purification, hence preventing appropriate crystallization. 
Another possibility may be due to low levels of PSA present on the glycoprotein. Further 
optimization would be required to achieve lactonisation of the sialic acid oligosaccharides, 
which is crucial for a direct comparison to the MFE-23 work (Chen et al, 2012a). Perhaps, 
improving the polysialylation of the fusion protein may allow detectable levels of PSA 
chains, thus aiding in the analysis. The addition of the pre-cursor N-acetyl-D-mannosamine 
(ManNac) in the neuraminic acid sysnthesis cycle (Bork, 2007) briefly explored in this 
investigation failed to improve recombinant polysiaylation.  
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Nevertheless, the evidence of sialic acid elongation at a mono-antennary structure supports 
the theory that polysialylation of antibody fragments fused to NCAM domains has been 
achieved through recombinant methods.  
5.4.3 Understanding the pharmacokinetic properties of polysialylated IL-6 specific 
antibody fusion proteins 
The main goal of this study was to investigate the in vivo pharmacokinetics of these 
polysialylated antibody fragments.  Comparing blood clearance profiles of polysialylated 
scFv fusion proteins with its non-polysialylated counterpart report an increase in blood half-
life for the polysialylated material. Despite, earlier speculation of the degrees of PSA on each 
of the two scFv fusion proteins, blood clearance findings report a similar β elimination rate of 
14-16 hours for both constructs. What is interesting to note is that despite showing faster 
blood clearance rates than the MFE-23 scFv fusion proteins (Chen et al., 2012a), the IL-6 
scFv fusion proteins report an equal, if not a higher change in blood exposure between its 
non-polysialylated form and its highly polysialylated form. This is a very interesting 
observation, suggesting that perhaps as great a PSA chain length observed with MFE-23 is 
not required to improve the overall drug bioavailability of IL-6 specific antibodies, 
suggesting long chains of PSA may not be required to achieve a significant impact on 
soluble, blood-borne targets. In this instance, polysialylating a soluble, blood-circulating IL-6 
target may behave differently to that of a membrane bound receptor, CEA target. 
Furthermore, judging from mass spectrometry findings and the inability to determine PSA 
chain lengths, the N-glycans appeared as branched species, rather than long chains of PSA, 
which may improve serum half-life and bioactivity, as is seen with branched PEGS (Fee, 
2007). 
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5.5 CONCLUSION 
This study was a direct comparison of the applications of recombinant polysialylation to 
soluble, blood-borne cytokine targets with previously reported membrane bound targets. 
Recombinant polysialylation was applied to anti-IL-6 scFvs to show versatility in the PSA 
tool and more importantly to investigate the benefits of targeting a therapeutic target. The 
successful polysialylation of IL-6 specific scFv fusion proteins showed improved blood half-
life. The bioavailability of the fusion proteins were comparable if not greater than those seen 
with membrance bound targets, suggesting that the PSA technology may be better suited for 
targeting soluble factors such as IL-6. 
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CHAPTER 6  
Functional applications of scFv fusion 
proteins on IL-6 dependent cell models 
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6.1 INTRODUCTION 
In Chapter 4, it was established that a prostate cell model was not suitable for showing the 
functional effects of IL-6 specific antibodies. This chapter focuses on investigating an IL-6 
dependent cell line to assess the functional efficacy of polysialylated IL-6 antibodies. A 
human erythroleukaemic cell line, TF-1 was identified as exhibiting cytokine dependence for 
growth; more specifically it has been used in observing IL-6 responses (Finch et al., 2011; 
Fukuchi et al., 1998). A recent study has described antibody engineering to improve blood 
half-life by describing an anti IL-6 antibody with neutralising properties observed in a TF-1 
cell model (Finch 2011). By exploiting this cell model system, this chapter describes 
experiments that investigate the effects of the polysialylated antibody fragments on TF-1 cell 
proliferation and cell cycle using MTS and flow cytometry analysis, respectively.  
6.1.1 Mammalian cell cycle 
The mammalian cell cycle is a highly regulated series of events which leads to the duplication of 
genetic information followed by cell division. The cell cycle is divided into four sequential 
phases: gap 1 (G1), synthesis (S), gap 2(G2) and mitosis (M). DNA duplication occurs during S 
phase and typically occupies about half of the cell cycle time of ~10-12 hours. The M phase 
follows G2, which allows for chromosome segregation and cytokenesis. The gap phases allow for 
cell growth, but more importantly serve as control points to allow regulation of the cell cycle, 
particularly the G1 phase, which monitors extracellular signals before committing cells to the 
DNA replication. If unfavourable conditions exist, cells are delayed in G1 or may even enter a 
resting stage, known as G0.  Favourable extracellular conditions allow cells in G0 or early G1 to 
progress through to the restriction point (R point), after which cells are committed to complete a 
full cell cycle, irrespective of external conditions (Alberts, 2001). 
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Figure 6.1: Schematic illustrating phases of the cell cycle. Cell continuously grow in the interphase, 
which comprises of G1, S and G2. DNA replication is confined to the S (synthesis) phase. Chromosome 
segregation and cell division occur in the M (mitosis) phase. The gap phases (G1 and G2) provide time 
for cell growth and serve as control points, particularly G1, which carries the restriction point. 
Typically in human cells, the interphase occupies 23-24 hours, with 1 hour for M phase.  
 
  
Biochemical techniques can be applied to analyse cell cycle progression. One popular method 
is flow cytometry. This has become a standard tool for analysing DNA content of cells. By 
staining with the nuclear component of cells with propidium iodide, a snapshot of the cell 
cycle distribution can be achieved. By incorporating nucleotide analogs such as BrdU, cells 
in the S phase can clearly be distinguished (Schorl and Sedivy, 2007). The survival of TF-1 
cells in the absence of cytokines has been explored. Studies have shown the suppression of 
apoptosis and that TF-1 cells are more likely to arrest during different phases of the cell cycle 
(Gubina et al., 1998).   
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6.2 AIMS & OBJECTIVES: 
The aim of this study was to use an IL-6 dependent cell line to model the therapeutic effects 
of the polysialylated anti-IL-6 scFvs. The objectives of the project included: 
 Identifying an IL-6 dependent human cell line to show an effect on cell proliferation 
with antibody treatments. 
 Analysing the cell cycle distribution of the TF-1 cells upon antibody treatment to 
determine if it was causing cell cycle arrest or death.  
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6.3 RESULTS 
6.3.1 Inhibition of IL-6 induced cell growth  
To investigate the effects of IL-6 on a cytokine dependent cell line, TF-1, cell proliferation 
assays were conducted to show an increase in the number of viable cells with an increasing 
concentration of IL-6 (Figure 6.2). In chapter 4, it was established the in-house recombinant 
human IL-6 (rh.IL-6) had retained its binding properties by conducting solid-phase ELISA 
assays. Here, the functional properties of commercially bought (c.IL-6) and in-house 
prepared IL-6 were compared in vitro to determine if the recombinant IL-6 has retained its 
pro-proliferative properties by testing on a human cell line. Similar to the binding 
experiments, the rh.IL-6 had a greater effect of TF-1 cell proliferation than the c.IL-6. This 
was assessed according to their estimated ED50 values. The c.IL-6 exhibited an ED50 of 2.9 
ng/ml according to sigmoidal curves obtained from SigmaPlot analysis, whlist the rh.IL-6 
displayed a lower ED50 of 0.9 ng/ml.  
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Figure 6.2: Growth curves illustrating the TF-1 cell proliferation in response to IL-6.  Cells were 
starved of hGM-CSF for 24 hours before treated with the two types of IL-6 for 48 hours. a) 
Commercially available IL-6; b) In-house recombinant human IL-6. Data points were analysed using 
SigmaPlot, sigmoidal 4 parameter models to achieve IL-6 responsive curves and respective ED50 
values. All data presented as the mean with error bars representing the SEM (n=3).  
 
Having confirmed that the rh.IL-6 had a functional effect on the TF-1 cells, it was used at its 
calculated ED50 value of ~1ng/ml to precede with antibody neutralisation assays. The 
neutralising properties of the polysialylated antibody fragments were investigated by 
incubating the cells with a range of antibody concentrations in the presence of IL-6 to 
determine their IC50 values. Initial work began with the commercial anti-IL-6 IgG antibody, 
mAb206, to determine if there was a decline in TF-1 cell proliferation with increasing 
concentrations of the antibody (Figure 6.3a). As a control, a non-related antibody, a mouse 
monoclonal hmfG1antibody, specific to breast epithelial cells was also used as a negative 
control (Figure 6.3b).  
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Figure 6.3: TF-1 cell proliferation profile in the presence of antibodies. Cells were starved of hGM-
CSF for 24 hours before 48 hour treatment with the antibodies in the presence of 1ng/ml rh.IL-6.          
a) Inhibitory effect of anti-IL-6 IgG, mAb206; b) negative control using anti-hmfG1 antibody. All data 
presented as the mean with error bars representing the SEM (n=3).  
 
Having established the TF-1 cell model suitable for displaying an IL-6 response and more 
importantly an inhibitory response with IL-6 specific antibodies, the investigation was 
extended to assess the effect with the polysialylated antibody fragments. Figure 6.4 shows the 
absorbance of the MTS reagent by the TF-1 cells at 490nm in response to an increasing 
concentration of antibody in the presence of 1ng/ml rh.IL-6. From both blots it is clear that 
the non-neutralising H1 scFv fusion protein had no effect of cell proliferation as a steady 
absorbance was achieved. As expected, the neutralising HA scFv fusion protein inhibited TF-
1 cell proliferation and achieved IC50 values of ~1.5µg/ml for both polysialylated and non-
polysialylated fusion proteins (Table 6.1). As expected the monoclonal IgG (mAb206) 
displayed a much lower IC50 of ~100ng/ml whilst the antibody fragments exhibit a much 
higher value, due to the difference in binding potency.  
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It can be concluded from the cell proliferation analysis that the scFv fusion proteins exhibited 
an inhibitory effect in an IL-6 dependent cell line. To further understand the effects of these 
fusion proteins on the TF-1 cells, flow cytometry analysis was employed to analyse the cell 
cycle progression.  
 
Figure 6.4: Inhibitory effect of anti-IL-6 NCAM fusion antibody fragments. Cells were starved of 
hGM-CSF for 24 hours before 48 hour treatment with increasing concentrations of the scFv fusion 
proteins in the presence of 1ng/ml rh.IL-6. a) TF-1 cells treated with LS-scFv-FN1 fusion proteins, b) 
TF-1 cells treated with LS-scFv-Ig5-FN1 fusion proteins. All data presented as the mean with error 
bars representing the SEM (n=3). Data points were fitted using sigmoidal 4 parameters in Sigma Plot. 
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Antibody IC50 (µg/ml) of IL-6R IC50 (nM) of IL-6R 
IgG (mAb206) 0.1 0.7 
LS-scFv-FN1 (H1) - - 
LS-scFv-FN1 (HA) 1.5 34 
LS-scFv-Ig5-FN1(H1) - - 
LS-scFv-Ig5-FN1(HA) 1.3 22 
hmfG1 (Negative control) - - 
Table 6-1: Table showing the IC50 values estimated for the anti-IL-6 scFv NCAM fusion protiens in the 
presence of rh. IL-6, describing the amount of antibody required to reduce 50% of cell proliferation. 
Data derived from SigmaPlot analysis, figure 6.4.  
 
6.3.2 TF-1 cell cycle progression upon IL-6 specific antibody treatment 
The cell cycle distribution of antibody treated TF-1 cells was explored using flow cytometry 
analysis. PI and Brdu staining were exploited to stain the cells to evaluate the various stages 
of the cell cycle. PI was used to detect fluorescence as it intercalates with double stranded 
DNA of cells, generating an overall profile of the full cell cycle, whilst Brdu was employed 
to specifically distinguish cells in the systhesis phase although, it can persist into other stages.  
Analysis of the histograms and the cell cycle distribution were obtained using Watson 
statistical analysis which revealed the staining patterns used to determine the change in cell 
characteristics. To evaluate the cell distribution, firstly the parameters of cell screening were 
defined. Figure 6.5 describes the gating of cell population to define which phase the cells are 
in. Having optimised the correct gating conditions, histograms and plots were achieved to 
distinguish between the different cell phases.  
219 
 
 
Figure 6.5: Flow cytometry profile analysis showing gating methods of cell samples. a) gating of cell 
size (FSC-H) plotted against cell content (SSC-H); b) dot plot of width of cells plotted against area. 
The two densely populated areas define the cells in G1 and G2 phases of the cell cycle at ~300 and 
600, respectively. c) The histogram which indicates the number of cells in each phase represents 
calculation of the sub-G1 populations used to determine cell death. 300,000 cells were counted and 
treated prior to analysis. 10000 events were acquired for each sample and DNA profiles were 
analysed using FlowJo software 
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The Initial IL-6 response of TF-1 cells was considered. Figure 6.6 shows the overall response 
of the different culture conditions on TF-1 cells stained with PI.  From the bar chart, cytokine 
starved conditions displays higher sub- G1 and G1 cell populations compared to the normally 
hGM-CSF induced growing TF-1 cells (+ve control). It is clear from the bar charts that upon 
rh.IL-6 introduction, the cell population returned to distributions similar to the positive 
control, indicating the rh.IL-6 used in this study was successful in accomplishing its role in 
promoting cell proliferation.   
 
Figure 6.6: Bar chart illustrating the cell cycle distribution of TF-1 cells under different culture 
conditions. Cells were starved of hGM-CSF for 24 hours before treatment for a further 48 hours. TF-1 
–ve control refers to cells grown for 48 hours in media starved of any growth factors (mGM-CSF or 
IL-6), r.IL-6 refers to cells grown in 1ng/ml rh.IL-6, +ve control indicates cells grown in normal growth 
media and starved and replenished cells, were starved for 24 hours before replenishing in normal 
growth media for 48 hours. The data is presented as the mean with errors representing the SEM 
(n=3).   
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Figure 6.7 displays the distribution of BrdU stained cells. Since cells were stained with BrdU 
for 48 hours, the positive control species had all incorporated the BrdU, which is only 
incorporated during S phase but is retained thereafter as the cell continues through the cell 
cycle. However, upon growth factor starved conditions (Figure 6.7c), the difference in cell 
populations was clear. Cells in G1 phase were predominantly unstained with BrdU, 
suggesting cell cycle arrest. Cells which had gone through the cell cycle appeared in the 
BrdU stained population, but very little G2 population was detected and a considerable 
number of cells were in the sub-G1 phase, indicating dead cells, presented in the PI cell cycle 
profile to the right of each plot. Re-introduction of cytokine, in this case IL-6, after 24 hours 
returned the profile to that of normally growing cells (Figure 6.7d), with more <G1 than the 
positive control (Figure 6.7.b). Therefore, cells treated with IL-6 were considered as the true 
controls in these experiments and all proceeding treatments were in correlation to this.  
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Figure 6.7: Analysis of cell cycle distribution of TF-1 cells after various culturing conditions. All 
treatments were carried out for 48 hours a) TF-1 cells in normal hGM-CSF induced growth without 
BrdU incorporation; b) with BrdU incorporation; c) cytokine starved TF-1 cells with incorporated 
BrdU; d) IL-6 induced growth of TF-1 cells with BrdU. Profiles (i) represent BrdU incorporated plots 
and (ii) display histograms representing the overall cell cycle distribution, achieved from PI staining. 
10000 events were acquired for each sample and DNA profiles were analysed using FlowJo software.  
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To analyse the profiles of antibody treated cells, a range of concentrations (0.05 - 10µg/ml) of 
monoclonal IL-6 IgG antibody (mAb206) was applied to IL-6 treated TF-1 cells. The data 
shown here is a representative of the highest concentration of the monoclonal antibody to 
illustrate the change in S phase cell populations (Figure 6.8) (see Appendix for all 
plots/histograms). BrdU staining revealed a 25% decrease of cells in S phase, with a high 
number of cells in the < G1 cells phase. Cells in G1 phase appeared to be stained BrdU 
negative and less than 10% of cells appeared in the G2 phase. The bar chart (c) shows the 
trend in cell cycle distribution with increasing antibody concentration. As expected, the 
neutralising monoclonal antibody prevents cells from completing the cell cycle. Whilst cell 
proliferation assays suggested IL-6 inhibition promoted cell death, the findings here suggest 
G1 cell cycle arrest is more probable.  
Using the findings here as a foundation to understand the effects of neutralising antibody 
treatments on IL-6 induced cell growth of TF-1 cells, the effects of the NCAM fusion 
antibody fragments were investigated (Figure 6.9 & 6.10). Again, only scFv treatments at 
10µg/ml are displayed here for a direct comparison to the monoclonal antibody (full range of 
antibody plots/histograms can be found in the appendix).   
The non-neutralising H1 scFv fusion proteins provided cell profiles similar to the positive 
control (Figure 6.9 & 10a), with ≥ 80% cells in S phase and little < G1. It is interesting to 
note, the HA scFv fusion proteins displayed similar profiles to the monoclonal antibody, but 
understandably the degree of inhibition has been reduced and only ~15% decrease of cells in 
S phase were observed (Figure 6.9 & 10b).  
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The plots for LS-HA scFv-FN1 (Figure 6.8b) show that despite the G1 falls in the BrdU 
negative parameters, the G2 cells were mostly stained positive, therefore creating a PI profile 
suggesting not a cell cycle arrest, but instead cell death due to the large number of cells in < 
G1. This is surprising since the scFv fused with Ig5-FN1 NCAM domains (Figure 6.9b) did 
not exhibit such findings and supports earlier speculation of G1 arrest. This perhaps could be 
attributed to anomalous findings.  
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Figure 6.8: Analysis of cell cycle distribution of TF-1 cells treated with mAb for 48 hours in the 
presence of rh.IL-6 at 1ng/ml. Prior to treatment, cells were starved of growth factor hMG-CSF for 24 
hours. a) TF-1 cells treated without antibody b) TF-1 cells treated with 10 µg mAb. (I) BrdU stained 
plot showing gating of BrdU positively stained (top) and negatively stained (bottom); (II) PI cell cycle 
staining profile representing the three different phases, analysed using Watson statistical analysis.  
c) Bar chart illustrating the cell distribution in each phase of the cell cycle with 4 different mAb 
concentrations: 0.5, 1.0, 5.0, 10 µg. Cell distribution determined from PI staining. All flow cytometry 
data was analysed using FlowJo analysis software. Asterix represents p<0.01, Student’s t-test. 
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Figure 6.9: Analysis of cell cycle distribution of TF-1 cells treated with LS-scFv-FN1 fusion proteins for 
48 hours in the presence of rh.IL-6 at 1ng/ml. All cells were starved of growth factor hMG-CSF for 24 
hours prior to treatment ; a) LS-H1-FN1, b) LS-HA-FN1. (I) & (II) represent TF-1 cells treated with 10 
µg of the Ab fusion protein. (I) BrdU stained plot showing gating of BrdU positively stained (top) and 
negatively stained (bottom); (II) PI cell cycle staining profile representing the three different phases, 
analysed using Watson statistical analysis. (III) Bar chart illustrating the cell distribution in each 
phase of the cell cycle with 4 different Ab concentrations: 0.2, 2.0, 10, 50 µg. Data determined from 
PI staining. All flow cytometry data was analysed using FlowJo analysis software. Asterix represents 
p<0.05, Student’s t-test. 
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Figure 6.10: Analysis of cell cycle distribution of TF-1 cells treated with LS-scFv-Ig5-FN1 fusion 
proteins for 48 hours in the presence of rh.IL-6 at 1ng/ml. All cells were starved of growth factor 
hGM-CSF for 24 hours prior to treatment; a) LS-H1-Ig5-FN1, b) LS-HA-Ig5-FN1. (I) & (II) represent TF-
1 cells treated with 10 µg of the Ab fusion protein. (I)) BrdU stained plot showing gating of BrdU 
positively stained (top) and negatively stained (bottom); (II) PI cell cycle staining profile representing 
the three different phases, analysed using Watson statistical analysis. (III) Bar chart illustrating the 
cell distribution in each phase of the cell cycle with 4 different Ab concentrations: 0.2, 2.0, 10, 50 µg. 
TF-1 cells treated with 1ng IL-6 and a range of Ab fusion protein concentrations (µg) and determined 
from PI staining. All FACS data was analysed using FlowJo analysis software. Asterix represents 
p<0.01, Student’s t-test. 
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6.4   DISCUSSION 
This chapter focussed on the functional effects of the scFv fusion proteins described in 
previous chapters on IL-6 dependent TF-1 cell line. Previous findings in chapter 4 reported a 
prostate model was not suitable for exhibiting anti-IL-6 activity and therefore, the cytokine 
dependent TF-1 cell line was investigated. Cell proliferation assays revealed the neutralising 
scFv fusion protein inhibited TF-1 cell growth. Further analysis with flow cytometry 
indicated cell cycle arrest with these fusion proteins, suggesting a functional inhibitory role in 
cancer cell growth.  
6.4.1 IL-6 antibodies inhibit TF-1 cell growth 
Initial work began with cell proliferation assays to confirm the TF-1 cells respond to IL-6. 
The TF-1 cells, although requiring hGM-CSF for growth, have the ability to grow in response 
to a number of cytokines and therefore, are a great model to analyse anti-cytokine effects. 
Human Lennert T lymphoma cells, KT-3’s have also been used to analyse IL-6 dependent 
growth (Gejima 2002), however, they are more difficult to obtain. A more obvious model is 
the murine B9 hybridoma cell model which is sensitive to human IL-6, however, to provide 
evidence for a therapeutic anti-IL-6 effect in human cells, the human erythroleukemic TF-1 
cell line was chosen.  
As seen earlier in chapter 4, the rh.IL-6 bound better to its monoclonal antibody than the 
c.IL-6, documented to be prepared the same way. Here, the rh.IL-6 also had a greater an 
effect on TF-1 cell proliferation as a lower concentration was required to exert the same 
change in cell proliferation than its commercially viable counterpart. Again, this three-fold 
difference in ED50 could just be attributed to the r.IL-6 being freshly prepared compared to 
the commercially bought and stored IL-6.  
229 
 
The antibody fragments previously shown to inhibit receptor binding in both their bacterial 
and mammalian fusion forms, also exhibited inhibitory activities in vitro. Both LS-scFv-FN1 
and LS-scFv-Ig5-FN1 fusions proteins for the neutralising HA scFv showed similar IC50 
values of ~1.5µg/ml, around 15 fold less than the monoclonal IL-6 antibody. However, it is 
interesting to note that despite such great differences in calculated IC50 between the two 
antibodies, the overall effect on the cells, determined by cell cycle distribution revealed a 
small difference between the cell cycle phases. However, analysis with BrdU incorporation 
revealed greater changes in cell behaviour as the effects of the antibodies was measured in 
accordance to its BrdU staining profiles. It is clear from BrdU labelling that cells with growth 
factor removed from the culture media reduced BrdU staining from ~100% (Figure 6.7b) to 
~50% (Figure 6.7c). Upon IL-6 treatment, the cells were restored to exhibit ~80% BrdU 
incorporation, indicating the crucial role of IL-6 in inducing TF-1 cell growth. Using this 
data, flow cytometry was used to reveal a 30% decrease in S phase of cells treated with 10µg 
mAb and a 20% decrease of cells treated with 10µg of the IL-6 neutralising scFv, HA fusion 
proteins. The non-neutralising H1 scFv fusion protein showed little effect on the cells, as 
expected since this scFv is reported to not interfere with IL-6 binding to its receptor, thus 
allowing subsequent signalling to proceed. It is interesting to note that whilst MTS assays 
reported on very different IC50 values for the mAb and HA scFv fusion proteins, the overall 
effect on the cells attributed to only a 10-15% difference of cells in the S phase between those 
treated with monoclonal antibody and those treated with HA scFv fusion proteins at the same 
concentration. This is surprising, but perhaps suggests antibody fragments are better suited 
for targeting soluble factors.  
At the highest concentration of antibody fragments of 50µg/ml (see appendix) administered, 
it could be speculated there may be cell cycle arrest at the G1 phase, particularly seen with the 
LS-scFv-Ig5-FN1 fusion protein. However, it seems IL-6 removal has slow kinetics for cell 
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cycle arrest and therefore it is difficult to assume cell cycle arrest upon IL-6 neutralising 
antibodies. It could also be speculated that not only at that high concentration of the antibody 
fragment, complete inhibition of cell cycle progression may be achieved, but also the PSA 
attached to the fusion protein may be augmenting its inhibitory function as such a great 
inhibition was not seen with the LS-scFv-FN1 fusion protein. However, this is just 
speculation and further work would need to be carried out to confirm this, especially 
considering PSA is not known to cause detrimental effects on cells. Whilst, it is known to 
play pivotal roles in the central nervous system, by inducing for example, cell migration, its 
effects on regulating the cell cycle are yet to be discovered.  
The TF-1s are leukaemia cells and are unable to form solid tumours in nude mice and 
therefore, proceeding in vivo work is not as straightforward as initially speculated. A whole 
new avenue of research would be required to show therapeutic benefits of targeting IL-6 with 
these scFv fusion proteins in vivo. Nonetheless, this study has provided a successful model, 
which acts as a foundation for targeting IL-6 in human cells.  
6.5 CONCLUSION 
The ability of TF-1 cells to proliferate in response to human IL-6 has been exploited in this 
chapter and the findings report on the growth of these cells in response to the anti-IL-6 scFv 
fusion proteins. The TF-1 cell line displays slow reactions to IL-6 removal and whilst it has 
been a good model to show growth inhibition, the effects of the fusion proteins on cell cycle 
progression require further investigation. It is however, speculated that the IL-6 neutralising 
scFv fusion proteins promote cell cycle arrest of TF-1 cells, thereby, inhibiting their 
proliferation. This model shows promise and provides the foundation for future in vivo work 
to exemplify the therapeutic benefits of targeting IL-6.  
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7.1 GENERAL DISCUSSION 
Antibody engineering has the potential to increase serum half-life and bioavailability to 
overcome the fast clearance of potentially therapeutic fragments and the Fc-mediated side-
effects of full length IgGs. The recombinant approach explored in this study demonstrated the 
success of the addition of polysialic acid to therapeutic scFvs to show a pharmacokinetic 
benefit in vivo. PSA widely explored for its ability to increase hydrodynamic radius and 
subsequently improve serum half-life and bioactivity has so far only showed commercial 
success through chemical conjugations. Xenetic Biosciences has established an enabling 
technology PolyXen
®
, which uses PSA to enhance protein drug delivery and has a range of 
polysialylated product candidates in the pipeline, including polysialylated erythropoietin 
(ErepoXen
®
) for the treatment of anaemia associated with chronic kidney disease or cancer, 
currently undergoing Phase IIb of clinical trials (http://www.lipoxen.co.uk/polyxen.aspx). 
Other examples include polysialylated insulin (SuliXen
®
) which offers potential for treatment 
of type II diabetes and a polysialylated interferon-α-2b (InferoXen®) for the treatment of 
Hepatitis C. A recent study from our group has developed a recombinant technology using 
mammalian cells to incorporate PSA onto heterologous proteins. The successful addition of 
30-40 residues of sialic acid on to an anti-tumour scFv product demonstrated a great 
improvement in circulating half-life and bioavailabilty, comparable to PEG (Chen et al., 
2012a). This provides a promising foundation to further develop this technology to show a 
new avenue of glycoengineering to enhance pharmacokinetics of protein therapeutics.  
However, this concept is far from being a viable commercial platform or product so this study 
focused on refining this novel technology to show 1) further reductions in the scFv-NCAM 
fusion protein to illustrate removal of the redundant FN1 domain upon addition of PSA to the 
Ig5 to potentially improve antigen localisation and tissue penetration; and 2) to demonstrate 
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versatility of this technique by applying to a soluble, blood borne molecule, such as IL-6, to 
demonstrate the ability of sialic acids to confer functional effects in a therapeutic model. As 
well as being a potentially useful product, this would also help to validate the technology. 
The incorporation of cleavable linkers in recombinant proteins and peptides serve as key 
tools in the study of many biological processes, including protein purification, imaging, 
proteomics and structural biology and has given rise to novel fusion proteins with 
multifunctional properties, which are important for in drug development. Cleavable linkers 
can be incorporated by replacement of an amino acid residue in the backbone of a 
polypeptide or protein. To date, various cleavable moieties can be cleaved by a range of 
cleavage conditions such as enzymes, phosphoirradiation, nucleophillic or electrophilic 
reagents and reducing and oxidising reagents to serve a purpose in a range of biological 
applications (Leriche et al., 2012). Typically, cleavable linkers are introduced to release 
functional domains in vivo and rely on specific conditions such as reducing agents and the 
presence of proteases for cleavage (Chen et al., 2012b). For example, recent studies have 
demonstrated that by utilising the reversible reduction of disulphide bonds, cleavage of 
linkers in recombinant fusion proteins can be carried out in vivo, generating precisely 
constructed homogenous products (Chen et al., 2010) and delivering functional domains to 
specific sites (Zhao et al., 2012). A more controlled approach can include the use of proteases 
to allow more site-specific cleavages. In this study, a protease recognition site was 
incorporated to facilitate the removal of the redundant FN1 NCAM domain. The necessity to 
remove the FN1 domain after it has served its requisite function of docking the PST enzyme 
on to the Ig5 domain arose from the fear of potential cross reactivity. NCAM is thought to 
engage in heterophillic interactions and mediate neurite outgrowth as well as tumour 
development and progression which heavily involves activation of fibroblast growth factor 
receptor 1 (FGFR) (Kiselyov et al., 2005). The fibronectin type III domains have been found 
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to mediate this interaction by direct binding to FGFR and found the FN1 and FN2 domains 
expresses one of many NCAM-derived peptides capable of stimulating FGFR signalling and 
inducing neurite outgrowth (Carafoli et al., 2008). Removing the FN1 domain may prevent 
the potential activation and prevent potential interference with other functional protein 
applications. Furthermore, by reducing the size of the protein drug, may aid in drug 
penetration and localisation and serve as an enhanced beneficial function in tumour targeting. 
However, failing to successfully cleave the FN1 portion, the necessity of both NCAM Ig5 
and FN1 domains to allow polysialylation to occur was revealed and the addition of PSA 
seem to be far more beneficial than the removal of the FN1 domain. In retrospect, perhaps it 
is not necessary to remove the FN1 domain as investigations with anti-CEA and anti-HER-2 
scFvs, show that the presence of the FN1 does not seem to have an effect or interfere with the 
function of the scFv fusion (Chen et al., 2012a). Similarly, this study with the anti-IL-6 
scFvs, did not seem to highlight any potential cross-reactivity or interference, suggesting 
perhaps it is not vital to remove this domain. Many recombinant proteins or drugs utilise 
redundant domains, which are not removed. For example, the most common is the 
polyhistidine tag, which is incorporated by a vast majority of recombinant proteins to aid in 
purification and detection, but is not necessarily removed and remains part of the protein 
fusion without disturbing its bioactivity, thus allowing the protein product to succeed into 
clinal development. Although, a recent study has speculated that the poly-His6 tag can 
promote formation of inclusion bodies in E. coli and suggest removal of such tags can 
enhance the solubility of bacterially expressed recombinant proteins (Zhu., et al, 2013).  
In pursuit of minimising antibody fusion proteins capable of polysialylation, another 
approach would need to be explored. By utilising the NCAM fusion protein as a scaffold, one 
possibility could be to engineer the CDRs of the antibody of interest, onto the N-terminus of 
the Ig5 domain, maintaining its fusion with FN1 at the C-terminus to ensure polysialylation 
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can still occur. Recent investigations on manipulating the CDR3 loop of shark IgNARs 
(Simmons et al., 2008) provides hope for the possibility of manipulating the antigen binding 
region of an antibody onto the Ig5 domain which carries immunoglobulin-like properties. It 
has been demonstrated the Ig1 domain from NCAM superimposes shark antibodies, IgNARs 
and current ongoing work displays the potential to add the CDR3 of these IgNARs onto 
NCAM Ig1 domain to allow binding (Casey, 2009). This provides a promising outlook for 
applying this theory onto the Ig5 domain. In keeping up with the theme of this investigation, 
CNTO-38 (Siltuximab), an anti-IL-6 mAb, shown to be successful in treating patients with 
multiple myeloma (Puchalski et al., 2010) and shown to have functional applications in 
prostate cancer (Wallner et al., 2006) could be utilised by engineering the CDRs from this 
antibody on to NCAM Ig5 to show effective anti-IL-6 therapy and potent half-life extension 
by incorporating the PSA technology. Alternatively, the scFv itself could be engineered to 
incorporate the vital portions of the Ig5 and FN1 domains, which are a requisite for 
polysialylation, such as the N-glycosylation sites and PST docking sites, although judging 
from the approach explored in this study, may invite more problems. 
For the purpose of this study, the recombinant polysialylation technique took another route 
and was developed further by exhibiting versatility by applying to a therapeutic target to 
show functional efficacy. A set of scFvs targeting the inflammatory cytokine, IL-6, were 
cloned upstream of the Ig5-FN1 NCAM domains and similar to the MFE-23 work described 
(Chen et al., 2012a), the anti- IL-6 scFv fusion proteins were characterised to show 
pharmacokinetic improvements, but more importantly, their functional ability to neutralise 
IL-6 in vitro.  
Determining IL-6’s suitability as an appropriate candidate relied on the knowledge of its 
versatile and complex function. This pleiotropic cytokine, important not only in inflammation 
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and immune responses, but also shown to play key roles in cancer progression deemed fit for 
PSA application. Unlike, MFE-23 and C6.5, which were directed against membrane-bound 
targets, IL-6 is a soluble, blood circulating target and therefore, it can be assumed its binding 
and signalling pathways vary greatly. Many antibodies targeted against growth factors or 
cytokines have successfully progressed through to clinical trials and are FDA approved, 
many of which have been modulated to enhance pharmacokinetic properties. Successes with 
established platforms such as interferon-α-2b, TNFα and VEGF, sparked interest into IL-6 as 
a suitable candidate to model the recombinant PSA technology in a therapeutic setting. IL-6, 
with comparable inflammatory and autoimmune functions to TNFα, seemed like an ideal 
choice, but proved quite challenging. As discovered from this work, prostate cells do not 
serve as good models to highlight anti-IL-6 effects and whilst the erythroleukaemic, TF-1 
cells have served as good therapeutic models to display anti-IL-6 effects in vitro, their 
inability to form solid tumours in nude mice complicates any further use and thus, is perhaps 
not the most suitable model. Although the B-9 cell model is commonly used for investigating 
IL-6 effects, in the clinical setting, again it is not suitable and therefore, choosing a target 
with an established model may be more beneficial. The most obvious growth factor target is 
TNFα. With established inflammatory models, pharmaceutics have shown a range of drug 
products, including antibody products targeting this antigen. The most established example is 
Cimzia
®
. This PEGylated anti-TNFα Fab fragment highlights the success of using 
hydrodynamic increasing strategies to target blood borne molecules. The success of 
increasing its circulating half-life and thus bioavailability, demonstrates the drug’s ability to 
neutralise TNFα in a range of clinical applications as Cimzia® is clinically approved for a 
number of inflammatory diseases, such as Crohn’s disease and rheumatoid arthritis (Chan 
and Carter, 2010). Another target, more recently exploited for its ability to demonstrate PK 
enhancement in a therapeutic setting, is VEGF. A humanised IgG1 approved for neutralising 
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VEGF in solid tumours (Panares and Garcia, 2007) has developed on to the production of 
antibody fragments and shown success with PEGylation (Pasut and Veronese, 2009). 
Recently, the PASylation technology has also demonstrated targeting systemic factors such as 
IL-1 in the treatment for rheumatoid arthritis, with drug products still in the pipeline 
(www.xl-protein.com). Systemic factors such as VEGF, IL-1 and TNFα may pose as easier 
targets, not necessarily by nature but simply because there are established models in the 
industry effectively demonstrating their targeting and pharmaceutics would certainly prefer a 
target with a proven model over a new model with ambiguous findings. This perhaps may 
explain the lack of approved drug products in the market targeting IL-6 as much more work is 
required to develop a new platform for demonstrating IL-6 neutralisation. For example, in 
relevance to PSA, detailed studies addressing the distribution of these highly negatively 
charges species fused to antibodies in target tissues would need to be carried out. Aside from 
bio-distribution profiles in vivo, immunohistochemistry of target tissues would be the next 
step to detect IL-6 binding and neutralisation. Therefore, inflammatory models would need to 
be explored, for example, collagen induced or antigen induced arthritis and methylated BSA 
models may serve as suitable models to exhibit anti-IL-6 effects (Asquith et al., 2009).  
Despite the vast potential for PEGylation and its success with therapeutics, with at least ten 
PEGylated products FDA approved, only Cimzia
®
 is from the antibody class. Since its 
market authorisation in 2008, the only other PEGylated antibody fragments that have 
developed to clinical trials include the di-Fab’ fragments, CDP860 and CDP791 targeted 
against platelet-derived growth factor (PDGF) and growth factor receptor (GFR), 
respectively. This perhaps suggests that despite its many advantages, there may be scepticism 
for the use of PEG in therapeutic antibodies, possibly owing to its safety profiles. Long-term 
administrations of PEG-protein conjugates in high dosages are thought to cause toxic 
accumulation due to its non-biodegradable nature, thus is considered as a great limitation for 
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FDA approval of PEGylated proteins. In light of this, it brings promise for the application of 
PEG-like technologies on other antibody fragments for neutralising soluble factors. In 
comparison, the scFvs described in this investigation bind and neutralise soluble IL-6 by 
inhibiting binding to its receptors, thus preventing signalling cascades which induce the 
expression of a number of pro-inflammatory and tumourogenic proteins. The attachment of 
PSA, conferring similar pharmacological properties to PEG, also provides another direct 
comparison to Cimzia
®
. Whilst, the technology of recombinant polysialylation is still very 
immature, the concept provides supportive scope for its development and application to 
perhaps someday supersede PEG.  
An interesting observation whilst comparing the pharmacokinetics of polysialylated anti-IL-6 
scFvs with that of anti-CEA scFv is that despite exhibiting a shorter half-life, the IL-6 scFvs 
displayed greater bioavailability. The nature of the different antigens may account for such 
great differences. The soluble, circulating IL-6 may pose as a better target compared to the 
membrane bound CEA, thus, not requiring long PSA chains to achieve the same level of 
blood exposure to elicit a functional effect. Similarly, the nature of the antibody fragments 
and their influence on overall protein conformation may affect polysialylation. Whilst, it is 
clear, polysialylation can occur, the inability to deduce the number of sialic acid residues 
present, suggests perhaps more branched PSA may be present than long chains. Although this 
is unlikely as it would have been determined by mass spectrometry. Nevertheless, the 
findings in this study do suggest the PSA tool may be better suited for soluble targets. 
However, a major limitation to the recombinant approach is that it produces heterologous 
profiles of polysialylated proteins. Using anion-exchange chromatography to isolate the 
different degrees of sialylation is not enough and using size-exclusion chromatography may 
allow better isolation of the polysialylated protein species as the size of the particle would 
correspond to the number of sialic acid residues present, but it would not solve the 
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heterogeneity of the carbohydrate composition, which in turn affects the pharmacokinetics. 
One of the main advantages of employing chemical conjugation is that the composition of 
PSA and polymerisation is more controlled and the homology of polysialylated protein 
results in a uniform PK model. The recombinant approach by contrast, produces a much 
wider range of polysialylated protein mixtures which have variable PK ranges and make it 
difficult to understand whether the branched or linear PSA fusions are more effective. 
Furthermore, the lack of control of sialic acid polymerisation presents another limitation of 
reproducibility and thus, further refinements to the recombinant approach would be needed. 
Engineering the glycan pathway for improved glycoprotein expression has drawn much 
attention and has shown advantages in various microorganisms, such as yeast, fungi and 
bacteria over mammalian cell expression (Rich & Withers, 2009). However, in this case, 
where post-translational modifications are deemed more important, mammalian expression 
would still be the ideal choice. Over-expressing a specifically mutated form of the GNE 
enzyme, key for sialic acid synthesis, has shown dramatic improvements in PSA in PST-
expressing CHO cells (Eisenberg et al., 2001). Another approach explored for improving 
polysialylation is by introducing the physiological precursor of sialic acid, ManNAc into the 
cell culture to show a small window of opportunity where application of ManNAc increased 
sialic acid and subsequent PSA synthesis (Bork et al., 2007) and whilst this application was 
briefly explored in this study, further optimisation is required. In terms of therapeutic 
monoclonal antibodies, glycoprotein remodelling has been shown to be prominent for 
homogenous production and for influencing IgG Fc effector functions. Sialylation has been 
shown to be critical to the anti-inflammatory effects of therapeutic IgGs, such as Rituximab 
as addition of GlcNAc residues demonstrated upto 85% increase in effector functions such as 
ADCC (Hodoniczky., 2005). Whilst successes in simple glycoengineering has been 
demonstrated to incorporate single glycan residues, addition of a whole glycan chain such as 
240 
 
PSA proves quite a challenge and still requires much work and possibly a whole new avenue 
of investigation. For example, a possible way to improve post-translational modification may 
be achieved by retaining the glycoprotein in the Golgi for longer to allow complete 
modification before secretion. Currently, there is not an established technology for achieving 
this and would require investigating into.   
In conclusion, the body of this work highlights the potential of recombinant polysialylation to 
confer therapeutic benefits in a pharmacological setting. Although is still requires much 
development before it can compete with chemical PSA, it has the potential to be considered a 
possible contender for a PEG mimetic, alongside recently described approaches such as 
HAPylation and PASylation. 
7.2 Future Perspectives 
The commercial applications of PSA have been highlighted by Xenetic Biosciences with 
several polysialylated products in the pipeline undergoing various stages of pre-clinical 
development and clinical trials (http://www.lipoxen.co.uk/default.aspx). So far, its successful 
application through chemical conjugations on growth factors or therapeutic protein molecules 
provides promise for its clinical use on antibody fragments to enhance the pharmacokinetics 
of bio-pharmaceutics, although much optimisation is still required to refine the novel 
recombinant approach. This investigation utilised polyclonal antibody fragments to illustrate 
recombinant addition of PSA, but comparison to monoclonal selections carried out by Chen 
et al (Chen et al., 2012a), show antibody products with lower heterogeneity and greater 
binding specificity can be isolated. For this reason, it could be speculated that monoclonal 
antibodies may serve as better drug products in the future, as they can specifically be selected 
for their high binding properties and in the case of recombinant polysialylation, clones with 
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high PSA content can also be selected. Large scale expression of recombinant PSA for 
sufficient commercial use of the drug product would benefit from refined technology for 
quicker and easier monoclonal selections. For example, using cell sorting methodologies, 
such as FACS may improve the selection procedure and optimizing cell cultures whereby 
weening in to different culture media can be avoided to limit the time-consuming, laborious 
procedure. Better use of stable PST cell lines would also be beneficial and achieve more 
complete and reliable polysialylated products. Perhaps further refining the NCAM fusion 
construct may also be of use, although from the findings of this study, does not seem key to 
improving the technology. 
In addition to PK modulation, PSA has been used as a degradable scaffold material for 
making hydrogels for drug release (Haile et al., 2008). Furthermore, the PSA technology can 
also act as a potential scaffold for nanotechnology and a variety of drug conjugations. The 
heterogeneity of the short, medium and long PSA chains coupled with therapeutic drug 
products would inevitably create a variable clearance profile and may serve as a good tool for 
imitating drug release products, whereby fine-tuning of this methodology would allow a 
continuous supply based on the circulation half-life.  
The application of PSA on both membrane bound targets (Chen et al., 2012a) and a soluble 
growth factor have been explored. Application to an anti-CEA scFv showed successful 
improvement in circulating half-life and tumour uptake, but demonstrated poor tumour 
localisation due to poor specificity ratios, whilst application on to an anti-HER2 scFv failed 
to allow receptor dimerisation and internalisation (Chen et al., 2012a). In an attempt to 
demonstrate the benefits of PSA application on to soluble growth factors, IL-6 was chosen as 
a therapeutic target. This target has demonstrated that PSA can extend circulatory half-life 
and whilst in vitro characterisation has revealed functional bioactivity, further in vivo 
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characterisation would be required to support this (mentioned earlier). As a further 
development, TNFα or VEGFα antagonists could be targeted using this recombinant 
polysialylation approach. This would not only provide further evidence to support the theory 
that soluble growth factor may be better suited to this type of half-life extension, but also, 
provide direct comparisons with PEGylation, particularly TNFα, to highlight the advantages 
and limitation to this technology over PEG.  
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Vector map for pRSET: 
 
 
The pRSET system was used to express recombinant IL-6. 
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Vector map for pUC119: 
 
 
The pUC119 system was used to construct anti-IL-6 scFvs for bacterial expression. 
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Vector map for pMK-T: 
 
 
The pMK-T expression system was used to express anti-IL-6 HA scFv. 
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Vector Map for pcDNA4™/TO/ myc-His: 
 
The pcDNA4™ system was used for construction of scFv MFE-23 and anti-IL-6 scFv fusion 
products for mammalian expression. 
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DNA and Protein sequence for MFE-23 scFv: (846bp, 35kDa) 
GAA ACT GTT ATT ATG AAA TAT CTT CTT CCT ACT GCT GCT GCT GGT CTT CTT CTT CTT GCT GCT CAA CCT GCT  
 E   T   V   I   M   K   Y   L  L   P   T   A   A   A   G   L  L   L  L   A  A   Q   P   A  
ATG GCT CAA GTT AAA CTT CAA CAA TCT GGT GCT GAA CTT GTT CGT TCT GGT ACT TCT GTT AAA CTT TCT TGT  
 M   A   Q   V   K   L   Q   Q   S   G   A   E   L   V   R   S   G   T  S   V  K   L   S   C 
ACT GCT TCT GGT TTT AAT ATT AAA GAT TCT TAT ATG CAT TGG CTT CGT CAA GGT CCT GAA CAA GGT CTT  
 T   A   S  G   F   N   I   K   D   S   Y   M   H   W   L  R   Q   G   P   E   Q   G   L  
GAA TGG ATT GGT TGG ATT GAT CCT GAA AAT GGT GAT ACT GAA TAT GCT CCT AAA TTT CAA GGT AAA GCT  
  E   W   I   G   W   I   D   P   E   N   G   D   T   E   Y   A  P   K   F   Q  G   K    A    
ACT TTT ACT ACT GAT ACT TCT TCT AAT ACT GCT TAT CTT CAA CTT TCT TCT CTT ACT TCT GAA GAT ACT GCT  
 T   F   T   T   D   T   S  S   N   T   A  Y   L   Q   L   S  S   L   T  S   E   D  T   A  
GTT TAT TAT TGT AAT GAA GGT ACT CCT ACT GGT CCT TAT TAT TTT GAT TAT TGG GGT CAA GGT ACT ACT GTT  
 V   Y   Y  C   N   E   G   T   P   T   G   P   Y   Y   F  D   Y   W  G   Q   G   T   T   V  
ACT GTT TCT TCT GGT GGT GGT GGT TCT GGT GGT GGT GGT TCT GGT GGT GGT GGT TCT GAA AAT GTT CTT ACT  
 T   V  S   S   G   G   G   G   S   G   G   G   G   S   G   G   G   G   S   E   N   V  L   T  
CAA TCT CCT GCT ATT ATG TCT GCT TCT CCT GGT GAA AAA GTT ACT ATT ACT TGT TCT GCT TCT TCT TCT GTT  
 Q   S   P   A   I   M   S   A   S  P   G   E   K   V   T   I   T  C   S   A   S  S   S   V  
TCT TAT ATG CAT TGG TTT CAA CAA AAA CCT GGT ACT TCT CCT AAA CTT TGG ATT TAT TCT ACT TCT AAT CTT  
 S   Y   M   H   W   F   Q  Q   K   P   G   T   S   P   K   L  W   I   Y   S   T   S  N   L  
GCT TCT GGT GTT CCT GCT CGT TTT TCT GGT TCT GGT TCT GGT ACT TCT TAT TCT CTT ACT ATT TCT CGT ATG  
   A      S  G   V   P   A   R  F   S   G   S  G   S   G   T   S   Y   S   L  T  I   S  R   M  
GAA GCT GAA GAT GCT GCT ACT TAT TAT TGT CAA CAA CGT TCT TCT TAT CCT CTT ACT TTT GGT GCT GGT ACT  
  E   A  E   D   A   A   T   Y   Y  C    Q   Q   R   S   S   Y   P  L  T   F  G   A   G   T  
AAA CTT GAA CTT AAA CGT GCT GCT GCT GAA CAA AAA CTT ATT TCT GAA GAA GAT CTT AAT 
 K   L   E   L   K   R   A   A   A   E   Q   K   L   I   S   E   E   D   L   N 
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DNA and Protein sequence for construction of scFv-NCAM fusion  
The scFv was cloned as a Nco I/Not I fragment in frame with Pci I/Not I to form L-scFv-Ig5-FN1 and L-
scFv-FN1.   
NCAM leader sequence: 
ATG CTG CAA ACT AAG GAT CTC ATC TGG ACT TTG TTT TTC CTG GGA ACT GCA GTT TCT  
 M   L   Q   T   K   D   L   I   W   T   L   F   F   L   G   T   A   V   S   
 
     Pci I     Not I 
CTG CAG GTG GAC ATG TCA TCT GGA GCA GCG GCC GCA  
 L   Q   V   D   M   S   S   G   A   A   A   A  
 
Ig-5 domain: (264bp, 10kDa) 
TAT GCC CCA AAG CTA CAG GGC CCT GTG GCT GTG TAC ACT TGG GAG GGG AAC CAG GTG 
 Y   A   P   K   L   Q   G   P   V   A   V   Y   T   W   E   G   N   Q   V    
AAC ATC ACC TGC GAG GTA TTT GCC TAT CCC AGT GCC ACG ATC TCA TGG TTT CGG GAT 
 N   I   T   C   E   V   F   A   Y   P   S   A   T   I   S   W   F   R   D 
GGC CAG CTG CTG CCA AGC TCC AAT TAC AGC AAT ATC AAG ATC TAC AAC ACC CCC TCT  
 G   Q   L   L   P   S   S   N   Y   S   N   I   K   I   Y   N   T   P   S  
GCC AGC TAT CTG GAG GTG ACC CCA GAC TCT GAG AAT GAT TTT GGG AAC TAC AAC TGT  
 A   S   Y   L   E   V   T   P   D   S   E   N   D   F   G   N   Y   N   C  
ACT GCA GTG AAC CGC ATT GGG CAG GAG TCC TTG GAA 
 T   A   V   N   R   I   G   Q   E   S   L   E   
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FN1 domain: (300bp, 15kDa) 
TTC ATC CTT GTT CAA GCA GAC ACC CCC TCT TCA 
 F   I   L   V   Q   A   D   T   P   S   S 
CCA TCC ATC GAC CAG GTG GAG CCA TAC TCC AGC ACA GCC CAG GTG CAG TTT GAT GAA 
 P   S   I   D   Q   V   E   P   Y   S   S   T   A   Q   V   Q   F   D   E   
CCA GAG GCC ACA GGT GGG GTG CCC ATC CTC AAA TAC AAA GCT GAG TGG AGA GCA GTT   
 P   E   A   T   G   G   V   P   I   L   K   Y   K   A   E   W   R   A   V  
GGT GAA GAA GTA TGG CAT TCC AAG TGG TAT GAT GCC AAG GAA GCC AGC ATG GAG GGC                                     
 G   E   E   V   W   H   S   K   W   Y   D   A   K   E   A   S   M   E   G  
ATC GTC ACC ATC GTG GGC CTG AAG CCC GAA ACA ACG TAC GCC GTA AGG CTG GCG GCG  
 I   V   T   I   V   G   L   K   P   E   T   T   Y   A   V   R   L   A   A   
CTC AAT GGC AAA GGG CTG GGT GAG ATC AGC GCG GCC TCC GAG TTC AAG ACG CAG CCA  
 L   N   G   K   G   L   G   E   I   S   A   A   S   E   F   K   T   Q   P  
GTC CAA GGG GAA CCC AGT GCA CCT AAG CTC GAA GGG CAG ATG GGA GAG GAT GGA AAC  
 V   Q   G   E   P   S   A   P   K   L   E   G   Q   M   G   E   D   G   N  
TCT ATT AAA GTG AAC CTG ATC AAG CAG GGA CTC GAG Xho I followed by MYC & His 
 S   I   K   V   N   L   I   K   Q   G   L   E 
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IL-6 Amino Acid Sequence: (21kDa) 
PVPPGEDSKD VAAPHRQPLT SSERIDKQIR YILDGISALR KETCNKSNMC 
ESSKEALAEN NLNLPKMAEK DGCFQSGFNE ETCLVKIITG LLEFEVYLEY 
LQNRFESSEE QARAVQMSTK VLIQFLQKKA KNLDAITTPD PTTNASLLTK 
LQAQNQWLQ    DMTTHLILRSF      KEFLQSSLRA     LRQM  
 
DNA & Amino Acid sequence for anti-IL-6 H1 scFv: (232bp, 30kDa) 
(From Rose-John in pUC119 SfiI/NotI myc His) 
 
ATG AAA TAC CTA TTG CCT ACG GCA GCC GCT GGA TTG TTA TTA CTC  
 M   K   Y   L   L   P   T   A   A   A   G   L   L   L   L  
GCG GCC CAG CCG GCC ATG GCC CAG GTG CAG CTG CAG GAG TCG GGC  
 A   A   Q   P   A   M   A   Q   V   Q   L   Q   E   S   G  
CCA GGA CTG GTG AAG CCT TCG GAG ACC CTG TCC CTC ACC TGC GTT  
 P   G   L   V   K   P   S   E   T   L   S   L   T   C   V  
GTC TCT GGT GGC TCC ATC AGC AGT AGT AAC TGG AGC TGG GTC CGC  
 V   S   G   G   S   I   S   S   S   N   W   W   S   W   V 
CAG CCC CCA GGG AAG GGG CTG GAG TGG ATT GGG GAA ATC TAT CAT  
 R   Q   P   P   G   K   G   L   E   W   I   G   E   I   Y    
AGT GGG AGC CCC AAC TAC AAC CCG TCC CTC AAG AGT CGA GTC ACC 
 H   S   G   S   P   N   Y   N   P   S   L   K   S   R   V 
ATA TCA GTA GAC AAG TCC AAG AAC CAG TTC TCC CTG AAG CTG AGC  
 T   I   S   V   D   K   S   K   N   Q   F   S   L   K   L 
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TCT GTG ACC GCC GCG GAC ACG GCC GTG TAT TAC TGT GCA AGA GGT  
 S   S   V   T   A   A   D   T   A   V   Y   Y   C   A   R 
TTG CGG ATG GAT GGG TGG GGC CAA GGT ACC CTG GTC ACC GTG TCG  
 G   L   R   M   D   G   W   G   Q   G   T   L   V   T   V 
AGA GGT GCA GGC GGT TCA GGC GGA GGT GGC TCT GGC GGT GGC GGA  
 S   R   G   G   G   G   S   G   G   G   G   S   G   G   G 
TCG TCT GAG CTG ACT CAG GAC CCT GCT GTG TCT GTG GCC TTG GGA 
 G   S   E   L   T   Q   D   P   A   V   S   V   A   L   G  
CAG ACA GTC AGG ATC ACA TGC CAA GGA GAC AGC CTC AGA AGC TAT  
 Q   T   V   R   I   T   C   Q   G   D   S   L   R   S   Y 
TAT GCA AGC TGG TAC CAG CAG AAG CCA GGA CAG GCC CCT GTA CTT 
 Y   A   S   W   Y   Q   Q   K   P   G   Q   A   P   V   L 
GTC ATC TAT GGT AAA AAC AAC CGG CCC TCA GGG ATC CCA GAC CGA  
 V   I   Y   G   K   N   N   R   P   S   G   I   P   D   R 
TTC TCT GGC TCC AGC TCA GGA AAC ACA GCT TCC TTG ACC ATC ACT  
 F   S   G   S   S   G   N   T   A   S   L   T   I   T   G 
GGG GCT CAG GCG GAA GAT GAG GCT GAC TAT TAC TGT AAC TCC CGG  
 A   Q   A   E   D   E   A   D   Y   Y   C   N   S   R   D 
GAC AGC AGT GGT AAC CAT GTG GTA TTC GGC GGA GGG ACC AAG CTG  
 S   S   G   N   H   V   V   F   G   G   G   T   K   L   T 
ACC GTC CTA GGT GCG GCC GCA GAA CAA AAA  
 V   L   G   A   A   A   A   E   Q   K    
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DNA & Amino Acid sequence for anti-IL-6 HA scFv: (810bp, 30kDa) 
 (From R. Gejima, 2002, Human Antibodies) 
GAG CTC CAT GGC CCA GGT CAA CCT GAG AGA GTC TGG CGG CGA CCT 
 Q   V   N   L   R   E   S   G   G   D   L   V   K   P   G  
GGT CAA ACC TGG CGG CAG CCT GAG ACT GAG CTG CGC TGC CAG CGG  
 G   S   L   R   L   S   C   A   A   S   G   F   T   F   R 
CTT CAC CTT CCG GAA GTA CTA CAT GGC CTG GAT CCG GCA GGC TCC  
 K   Y   Y   M   A   W   I   R   Q   A   P   G   K   G   P 
TGG CAA GGG ACC TGA GTG GCT GAG CAC CAT CAG CAA CAG CGG CGA  
 E   W   L   S   T   I   S   N   S   G   D   I   I   D   Y  
CAT CAT CGA CTA CGC CGA CAG CGT GCG GGG CAG ATT CAG CAT CAG  
 A   D   S   V   R   G   R   F   S   I   S   R   D   N   A  
CCG GGA CAA CGC CCA GAA GTC CCT GTA CCT GCA GAT GAC CAG CCT  
 Q   K   S   L   Y   L   Q   M   T   S   L   R   P   D   D  
GCG GCC TGA CGA CAG CGC CAT CTA CTA CTG CGC CAG AGA GTA CTT  
 S   A   I   Y   Y   C   A   R   E   Y   F   F   S   F   D  
CTT CAG CTT CGA CGT GTG GGG CAG AGG CAC AAT GGT CAC AGT GTC  
 V   W   G   R   G   T   M   V   T   V   S   S   G   G   G  
CAG CGG CGG AGG CGG ATC TGG CGG CGG AGG ATC TGG GGG AGG CGG  
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 G   S   G   G   G   G   S   G   G   G   G   S     D   I    V 
CAG CGA CAT CGT GAA CAC CCA GAG CCC CAG CAG CGT GTC CGC CAG 
  N    T   Q    S    P    S   S    V    S    A    S   V    G   D    R  
CGT GGG CGA CAG AGT GAC CAT CTT CTG CCG GGC CAG CCA GGA CAT  
 V   T    I    F   C    R    A    S    Q    D    I   R    N    W    V  
CCG GAA CTG GGT GGC CTG GTA TCA GCA GAA GCC CGG CGA GGC CCC  
  A   W    Y   Q    Q    K    P    G    E    A    P   K    L    L    I  
CAA GCT GCT GAT CTA CGA CGG CAG CAG CCT GCA GTC TGG CGT GCC  
  Y   D    G   S    S    L    Q    S    G    V    P   S    R    F    S  
CAG CAG ATT TTC TGG CAG CGG CAG CGG CAC CGA GTT CAC CCT GAC  
  G   S   G    S    G    T    E    F    T    L    T   I    S    S   L 
CAT CAG CTC CCT GCA GCC CGA GGA TTT CGC CAC CTA CTA TTG CTG  
  Q   P    E   D    F    A    T    Y    Y    C   C    Q    S   D    S 
TCA GTC CGA CAG CAC CCC CAT CAC CTT CGG CCA GGG CAC CCG GCT  
 T    P    I    T   F    G    Q    G    T   R    L    E    I   K    R 
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Flow Cytometry BrdU and PI profiles of treated TF-1 cells:  
All Flow cytometry profiles showing BrdU staining plots on the left and PI histrograms on 
the right. The first set of profiles show how the phases of the cell cycle are differentiated and 
apply to all figures. In the PI profile, the green curves represent the G1 phase, the yellow 
marks the S phase and the blue represents the G2/M phase. 
BrdU staining     PI profile 
0.05 µg mAb: 
 
0.5 µg mAb: 
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1 µg mAb: 
 
5 µg mAb: 
 
10 µg mAb: 
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0.2 µg HA-FN1: 
 
2 µg HA-FN1: 
 
10 µg HA-FN1: 
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50 µg HA-FN1: 
 
0.2 µg H1-FN1: 
 
2 µg H1-FN1: 
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10 µg H1-FN1: 
 
50 µg H1-FN1: 
 
0.2 µg HA-Ig5-FN1: 
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2 µg HA-Ig5-FN1: 
 
10 µg HA-Ig5-FN1: 
 
50 µg HA-Ig5-FN1: 
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0.2 µg H1-Ig5-FN1: 
 
2 µg H1-Ig5-FN1: 
 
10 µg H1-Ig5-FN1: 
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50 µg H1-Ig5-FN1: 
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